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Abstract: After two phases of on-site construction and testing (2010-2013 and 2013-2017), the Shang-
hai Tianma Radio Telescope (TMRT) can work well, with efficiencies better than 50% from 1.3 to
50.0 GHz, mainly benefiting from its low-noise cryogenic receivers and active surface system. Pul-
sars were chosen as important targets of research at the TMRT because of their important scientific
and applied values. To meet the demands of pulsar-related observations, TMRT is equipped with
some necessary backends, including a digital backend system (DIBAS) supporting normal pulsar
observation modes, a real-time fast-radio-burst-monitoring backend, and baseband backends for
very-long-baseline interferometry (VLBI) observations. Utilizing its high sensitivity and simultaneous
dual-frequency observation capacity, a sequence of pulsar research endeavors has been undertaken,
such as long-term pulsar timing, magnetar monitoring, multi-frequency (or high-frequency) obser-
vations, interstellar scintillation, pulsar VLBI, etc. In this paper, we give a short introduction about
pulsar observation systems at the TMRT and briefly review the results obtained by these pulsar
research projects.
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1. Introduction

Pulsars are a kind of fast rotating, highly magnetized neutron star which give out
lighthouse-like beams of radio emission from their magnetic poles. When a pulsar’s
emission beam sweeps across the Earth as it spins, we can observe a pulse. Since the
discovery of the first pulsar in 1967 [1], research on pulsars has emerged as a leading and
prominent subject within the realm of scientific research, and it has been thriving for a long
time. About 3500 pulsars have now been discovered. There are two main classes of radio
pulsars: “normal pulsars”, with typical rotation periods about 0.5 s and period derivatives
around 10~!5; and “millisecond pulsars” (MSPs), with typical periods < 30 ms and period
derivatives < 10719 [2].

The typical mass of a pulsar is about 1.44 M, but the radius is only about 10 km. Pulsars
not only have an extremely strong gravitational field and density, comparable to atomic
nuclei, but also have an exceptionally strong magnetic field, which can be up to billions of
times stronger than the strongest magnetic field recorded in ground laboratories. Therefore,
pulsars are regarded as natural “space laboratories” to verify the physical laws in extreme
physical environments such as ultra strong gravitational fields, magnetic fields, electric fields,
and at tremendously high density [3,4]. Pulsars are also important probes of the interstellar
medium (ISM), as they usually show significant dispersion, interstellar scattering, interstellar
scintillation, and Faraday rotation under interactions of their signals with the ISM, which can
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be used to investigate the spatial distribution and fluctuation of the ISM [5,6]. Pulsars are also
important tools for detecting gravitational waves in space [7-9]. In the future, the utilization of
multiple millisecond pulsars (MSPs) with stable timing is anticipated for establishing “pulsar
time” and improving navigation for deep space missions [10].

After more than half a century of research, significant achievements have been made
using pulsars, like verifying the existence of gravitational radiation predicted by general
relativity through observations of pulsar arrival times [11,12], and discovering the first
exoplanet [13,14]. But, the understanding of pulsar physics is still a completely open field,
as there are still various problems that need to be further solved, such as the formation
process [15], physical essence [16], radiation mechanism [17], and nano-Hertz gravitational
wave detection [8,9,18-22].

Due to the fact that the vast majority of pulsars only emit radiation in the radio band,
radio observation is undoubtedly an important means of pulsar research. The pulsar signal
is extremely weak, and statistical analysis of the 1761 pulsars with measured flux densities
of 1400 MHz (51400) shows that their S1400 distribution ranges from 0.01 to 1100 m]y, with
a median of only 0.40 mJy [2]. A large-aperture telescope is indispensable for detecting
such weak signals and for in-depth studies. Using the largest radio telescopes in the world,
such as the Arecibo (305 m) [23], the Green Bank Telescope (100 m) [24,25], the Effelsberg
(100 m) [26], the Lovell (76 m) [27], and the Parks (64 m) [28], pulsar researchers have
achieved a series of important results. The newly built Five-Hundred-Meter Aperture
Spherical Telescope (500 m) in China, which is the largest single-dish telescope in the
world, has also become a sharp tool to obtain more and more important research results on
pulsars [29-32].

The Shanghai Tianma Radio telescope (TMRT) is a newly built 65 m diameter fully-
steerable radio telescope. Since the planning phase, the scientific committee of the TMRT
has also chosen pulsars as one of its important research objects. In the following part of
this paper, we will give a brief review of TMRT’s pulsar observation systems and some
interesting pulsar research results obtained with this telescope.

2. TMRT and Pulsar Observation Systems

The TMRT is jointly funded by the Chinese Academy of Sciences (CAS), Shanghai
Municipality, and the Lunar Exploration Program. It is located in the rural area of Songjiang
district in the southwest of Shanghai city, with the corresponding longitude and latitude of
(121°08'09.121” E, 31°05'31.031” N) [33]. The TMRT takes its present name from a nearby small
mountain named Tianma. After two phases of on-site construction and testing (2010-2013
and 2013-2017), the TMRT can work well in the frequency range from 1.3 to 50.0 GHz, taking
advantages of its eight sets of low-noise cryogenic receivers and active surface system, which
can effectively compensate for the surface deformation in observations [34,35]. In Figure 1,
we present an aerial photograph of the TMRT taken in 2018.

The system equivalent flux density SEFD = 2kgTsys/ Ae is a usually used parameter to
reflect the comprehensive capability of a radio telescope, as it takes both the system tempera-
ture Tsys and the effective aperture A into consideration. The majority of pulsar observations
within the radio band are carried out at comparatively lower frequencies, due to their steep
power-law spectra. Normally, four low-frequency receivers, which cover the frequency ranges
1.35-1.75 (L-band), 2.2-2.3 (S-band), 4.0-8.0 (C-band), and 8.2-9.0 (X-band) GHz, are usually
used in pulsar observations at the TMRT. And the corresponding SEFD values of these four
receivers are 39, 46, 30, and 48 Jy, respectively, which are comparable with other large fully
steerable telescopes in the world. Especially at C-band, the TMRT has its advantages because
of its wide bandwidth and low system noise [36,37].

In addition to the antenna and receiver system, a suitable backend is also very impor-
tant for radio observations, as it undertakes the task of capturing the signals from receivers,
making required processing, and sending the result to the recording system. Firstly, a
digital backend system (DIBAS) was built for the TMRT with the kind help of the National
Radio Astronomy Observatory (NRAO) to satisfy pulsar and spectral line observation
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demands. The DIBAS is built by importing pulsar observation mode into the design of
the Versatile GBT Astronomical Spectrometer (VEGAS), which was developed with the
Collaboration for Astronomy Signal Processing and Electronics Research (CASPER) tech-
nology. For the pulsar observation modes, DIBAS can provide much the same capabilities
as the Green Bank Ultimate Pulsar Processing Instrument (GUPPI) [38,39]. In Figure 2,
we present the block diagram of DIBAS, which consists of three pairs of analog to digital
converters (ADCs) and three corresponding Roach-II electronic boards. It supports both
pulsar searching mode and online folding mode. Dedispersion is the process of reversing
the effects of frequency dispersion of pulses from pulsars caused by the ISM. For incoher-
ent dedispersion, the dispersive delays are removed by time-shifting the time series of
narrow frequency channels, but there are still dispersion effects left within the channels.
By comparison, coherent dedispersion is a convolution of the raw signal voltages with the
inverse of the transfer function of the ISM, and can remove dispersion effects thoroughly
with intensive computing [40]. Observers of the TMRT can choose the coherent or the
incoherent dedispersion manner according to their demands. Graphics processing units on
eight high-performance computing services are used to satisfy the intensive computation
demand of the coherent dedispersion. The maximum bandwidth supported for coherent
dedispersion mode is about 1 GHz, which is mostly limited by computing power. For
the incoherent dedispersion observation mode, a maximum bandwidth of 6 GHz can be
supported using the currently available three pairs of digitizers, as the maximum input
bandwidth of each digitizer channel is up to 2 GHz. The final pulsar observation data
are written out in 8-bit PSRFITS format [41]. The Lustre file system is adopted for the
online observation data recording. It can satisfy the high data recording rate demand of
pulsar searching observation with a time resolution as high as 40.96 us. In addition, we
also developed a real-time fast radio bursts (FRBs) monitoring backend system. In order to
meet the needs of joint very-long-baseline interferometry (VLBI) observations, the Digital
Base Band Converter-2 (DBBC2) system, and the Chinese VLBI Data Acquisition System
(CDAS) are also equipped at the TMRT [36,37].

Figure 1. An aerial photograph of the TMRT taken in 2018. As shown in the photo, the TMRT is built
in a rural area, but it is still surrounded by some villages.
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Figure 2. Block diagram of the DIBAS for the TMRT. As shown in the picture, the DIBAS mainly
consists of 3 pairs of dual-polarization input interfaces, 3 pairs of analog-to-digital converters (ADCs),
3 pairs of processing Roach broads, a 10 Gbe switch, 8 high-performance computing services (HPCs),
an infiniband switch, and online storage.

3. Pulsar Observation Projects and Related Results
3.1. Long-Term Pulsar Timing

Pulsar timing is the process of measuring pulses’ times of arrival (TOAs) and identify-
ing the phenomena that affect them. Accurate pulsar timing permits exquisitely sensitive
measurements of quantities such as the power of gravitational radiation emitted by a pulsar
in a binary system, neutron star masses, and orbital perturbations from binary companions.
Based on the DIBAS backend, we have developed a stable pulsar timing observation system
at the TMRT. And the long-term pulsar timing is chosen to be one of main observation
projects of this telescope. We regularly monitor timing properties of about 350 pulsars
at S-band (or C-band). For some millisecond pulsars, we can achieve a timing accuracy
better than sub-microsecond. In Figure 3, we present the timing observation results of a
millisecond pulsar J1909-3744 at C-band. It can be seen that the root mean square (RMS) of
our observations on this pulsar is about 0.170 ps.

0.8fF PSR J1909-3744
Orms:0.170 us
0.6F

0.4} _

IO IOEI %

Residuals (us)

59750 59800 59850 59900 59950

MJD
Figure 3. PSR J1909-3744 timing observation results obtained with the TMRT at C-band. The central

frequency and bandwidth of these observations are 4.75 GHz and 1.0 GHz, respectively. The typical
integration length for each point is about 2—4 h.

A series of interesting findings has been derived from the extensive analysis of long-
term pulsar timing data acquired with the TMRT. One large glitch of PSR B1737-30 around
MJD 58,232.4 was reported based on timing observation data from MJD 57,999 to 58,406 at the
S-band. It was found that this pulsar underwent an increase in the rotation frequency (Av)
of about 1.38 x 10~® Hz, corresponding to a fractional step change in Av/v of ~8.39 x 10~7.
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Compared with its 36 glitches reported since July 1987, this glitch ranked the fourth largest
one among historical results. It was also found that the glitch size distribution could be well
described by a power-law with the index of 1.13, and the distribution of the interval between
two adjacent glitches was found to follow a Poissonian probability density function [42].
Although there were not any glitch reports about PSR B2021+51, its glitch was firstly detected
at the TMRT using timing observation data from MJD 57,640 to 58,842. Affected by the glitch
occurring around MJD 58,289.1, the spin frequency (v), and its derivative (), of PSR B2021+51
suffered jumps of about 7.04 x 10~1° Hz and 2.6 x 10~ '8 s72, respectively. What is even more
interesting is that the W10 (width of the mean pulse at 10% of the maximum height) of this
pulsar significantly decreased right before the glitch, and then, increased immediately after
the glitch. According to further analyses on three decomposed Gaussian components (C1, C2,
and C3 from left to right by peak phase) of its mean pulse profiles, the corresponding profile
changes were explained by relative component movements. This also gives us some clues
about a potential connection between the changes in characteristics of the pulsar emission
zone and the glitch activity [43].

3.2. Magnetar Monitoring

Magnetars are a sub-group of neutron stars with extremely strong magnetic fields
(B ~ 10'3-10'® G). They sometimes show extremely strong X-ray or y-ray bursts which
are not possible by losing rotational energy as for ordinary pulsars, so it is widely thought
that their radiation derives energy from the decay of magnetic fields [44]. Meanwhile, mag-
netars also have longer rotation periods (P ~ 1-12 s) and show more irregular rotations
than ordinary pulsars [45,46]. To date, the identification of magnetars and potential can-
didates remains limited, with only 32 instances documented so far. Among these, merely
six magnetars have exhibited detectable radio pulsations [47].

The history of magnetar observations at the TMRT can be traced back to the early
stages of the second phase of its construction. SGR J1745-2900 is a magnetar detected near
the galactic center from its outburst activity starting on MJD 56,408 (26 April 2013) [48].
Six epochs of observation on this interesting source were arranged at 8.60 GHz between
June and October, 2014, at the TMRT. As both the flux density and integrated profile of
PSR J1745-2900 showed dramatic changes from epoch to epoch, these findings further
confirmed that this magnetar was still in the “erratic” phase. The flux density of this
magnetar was found to be about 8.7 mJy on MJD 56,836, which was about 10 times stronger
than that at the discovery. Its emission was reported to be dominated by narrow (“spiky”)
pulses that follow a log-normal distribution in peak flux density. Based on further total
energy analyses, it was confirmed that the bright spiky pulses could not be classified
as usual “giant” pulses, because their total energies did not exceed 10 times that of the
integrated profile. Compared with the giant pulses, no clear correlation was found between
the widths and peak flux densities of these bright spiky pulses [39]. This research work
was the prelude to performing magnetar and pulsar studies with the TMRT.

Swift J1818.0-1607 is a new radio-loud magnetar discovered by the Swift Burst Alert
Telescope on 12 March 2020 [49,50]. Long-term (from MJD 58,936 to 59,092) dual-frequency
monitoring on this interesting source was arranged by taking advantage of the simulta-
neous 2.25/8.60 GHz working ability of the TMRT. By comparison, few multi-frequency
observations had been carried out on this magnetar previously. These dual-frequency
observations gave valuable information about how its integrated profiles and flux densities
changed with both time and frequency. Its flux densities were found to increase at both 2.25
and 8.60 GHz, accompanying the spectra getting flatter. Because of its instable integrated
profiles and timing properties, the v and 1/ were obtained with the piece-wise fitting method,
in which the long-term timing observations were separated into multiple segments. The
length of each segment lasted until there was obvious changes in the integrated profiles or
the error or fitted v exceeded 2.70 x 10712 s=2, which was about 10% of the mean v [51].
Based on the long-term declining trend result of v fitted with observational data span-
ning a much longer period than previous works, a more accurate characteristic age (1) of
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this magnetar was found to be about 522 yr. And this result gave further support to the
viewpoint that this magnetar may be older than initially thought at the time of discovery
(Tt ~ 240 yr) [52]. Furthermore, Swift J1818.0-1607 was found to synchronously switch
between the bright and quiet (B-Q) emission modes at 2.25 and 8.60 GHz over three days
of TMRT observations [53].

After spending almost a decade in a radio-quiet state, the magnetar XTE J1810-197
turned back on in early December 2018 [54,55]. In order to study its rotation and radiation
properties, simultaneous 2.25/8.60 GHz observations of XTE J1810-197 were frequently
arranged at the TMRT. Based on the results from 194 epochs of observation in the following
926 days, it was found that the integrated profiles of XTE J1810-197 could be classified into
12 types according to phase areas of active radiation components, although they changed
obviously with the time and frequency during this period. In addition to the short-term v
and v results obtained with the piece-wise fitting method, a long-term declining trend in v
was also obtained as 7 = —3.2(1) x 10~!3 s=2 with the linear fitting method. XTE J1810-197
was found to show a relatively flat spectrum (x« > —1) in most of observations. The
emission heights of XTE J1810-197 at 2.25 and 8.60 GHz were about 7.5(9) x 10* km and
2.38(7) x 10* km, respectively, assuming an ideal dipole magnetic field [56].

3.3. Multi-Frequency (or High-Frequency) Observations and Pulsar Radiation

The pulsar radiation process remains an open field. Various theoretical models have
been posited about beam patterns of pulsars, including but not limited to the core-cone [57],
patchy [58], and fan beam [59] models. The “radius-to-frequency mapping” (RFM) model
specifies that emissions at different frequencies are produced at different altitudes in the
pulsar magnetosphere. The observations of the mean (average) pulse profile gives us insight
into long-term statistical properties of the processes ongoing in a pulsar magnetosphere,
while the observations of individual pulses give us insight into its momentary state [60].

Taking advantage of its comparatively high sensitivity and dual-frequency observation
ability, a series of research projects about pulsar radiation were arranged at the TMRT. In
addition to the integrated pulse profiles at 8.6 GHz for a sample of 26 pulsars obtained
with the TMRT, their mean flux densities and pulse width parameters were also estimated.
For 11 of the pulsars these were the first high-frequency observations, and for a further 4
they had better signal-to-noise ratios (SNRs) than previous observations [61]. In addition,
integrated pulse profiles at 5 GHz for 63 normal pulsars and 8 millisecond pulsars (MSPs)
were obtained using the TMRT. Meanwhile, their flux densities and pulse widths were also
measured. For 19 normal pulsars and 1 MSP, these were the first detections at 5 GHz, and
for a further 19 pulsars (including 5 MPSs) they had better SNR profiles than previous
observations. Correlations of power-law spectral index were found with characteristic age,
radio pseudo-luminosity, and spin-down luminosity [62]. The frequency dependence of
component separations was also investigated, and three groups were found: the separation
between the outmost leading and trailing components decreased with the frequency (50%),
roughly in agreement with radius-to-frequency mapping; the separations were nearly constant
(50%); the separation between the outmost components increased with the frequency (the
remaining few).

Benefiting from the simultaneous dual-frequency observation ability, a mutual timing
calibration technique was proposed and tested on 2.25 and 8.60 GHz observations. It was
attempted to effectively extend the total integration length for 8.60 GHz observations by
using timing solutions obtained from observation results at 2.25 GHz because of their
sufficient SNRs for timing analyses. In order to give a direct answer about whether
it was possible to obtain reliable integrated profiles by coherently adding observation
data spanning tens of days, observations with the same mode were also arranged on
PSR B0355+54, a technical verification source, which was a strong normal pulsar easily
detected in each epoch of observation at both 2.25 and 8.60 GHz [63]. Figure 4 displays
the integrated profiles of PSR B0355+54 obtained from a single epoch of 10.1 h observation
(on MJD 59,209), along with the integrated profiles generated by summing observation
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data from MJDs 58,915 to 59,418 (except the observation on MJD 59,209). It is clear that
there are no evident differences between them, giving strong support to these related
techniques. Using this technique, it was possible to present the detection results of nine
MSPs at 8.60 GHz, which significantly increased the number of MSPs with published
profiles (from four to eleven) above 8.0 GHz, as seven of our target MSPs had no related
results previously. The spectra of four MSPs (J1012-5307, J1022+1001, J1713+0747, and J2145-
0750) were found to deviate from a single power-law, and a broken power-law was used to
fit these results. Furthermore, the profile changes of PSR J1713+0747, which started around
M]Ds 59,320-59,321 [64], were found to be more prominent as the observation frequency
became higher (see Figure 5), so the models of some changes in the magnetosphere were
preferred to explain this event in comparison with models of the interstellar medium
effects [65]. Additionally, pulsar radio radiation models (especially the inverse Compton
scattering model) were studied grounded in analyses of multi-frequency observation results
spanning a wider frequency range [66,67].
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Figure 4. Integrated profiles of PSR B0355+54 at 2.25 (left) and 8.60 GHz (right). In each panel,
the hollow dot line is the integrated profile from the observation on MJD 59,029, and the solid line
represents the integrated profile obtained from observations between MJDs 58,915 and 59,418 (the
observation on MJD 59,029 is excluded).
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Figure 5. The integrated profiles of PSR J1713+0747 before (blue line) and after (red dashed, brown
dotted and green dash—dot line) the profile change event. The 2.25 and 8.60 GHz observation results
are shown in the left and right sub-panels, respectively. For easier comparison, each integrated profile
is normalized with the corresponding peak flux density.

In addition, there was also a series of single-pulse observations arranged to study
related momentary properties. The mode-changing properties of PSR B0329+54 were
investigated using 31 epochs of simultaneous 2.25/8.60 GHz single-pulse observations
obtained with the TMRT. The pulsar was found to be in the abnormal emission mode
17 times, accounting for about 13% of the 41.6 h total observation time. Single-pulse analyses
indicated that mode changes took place simultaneously at 2.25/8.60 GHz within a few
rotational periods. Occasional bright narrow pulses, which appeared as peak flux densities
10 times higher than that of the integrated profile, were detected at both frequencies. The
total energy of these pulses was not so large as a “giant” pulse, so these pulses could be
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classified as the “spiky” pulses of PSR B0656+14 [68]. The detection rate of these spiky
pulses at 8.60 GHz was tens of times higher than that at 2.25 GHz, which could by caused
by the fact that higher-frequency emissions came from the more active area at a lower
altitude in the pulsar magnetosphere. By dividing the pulsar radiation window into three
components (C1, C2, and C3), corresponding to the main peaks of the integrated profile,
and giving further analysis with the two-dimensional fluctuation spectrum (2DFS), C3 was
found to have a stronger quasi-periodic modulation centered around 0.06 cycles/period
in the abnormal mode at 8.60 GHz, while no similar phenomenon was detected in the
simultaneous 2.25 GHz observations [69]. The bright pulses from PSR B0031-07 were
detected at 4820 MHz and found to repeat in an irregular fashion, as the intervals between
these bright pulses could be described with an exponentiated Weibull distribution [70].

4. Pulsar Interstellar Scintillation Observations

Normally, the luminosity of pulsars maintains intrinsic stability over time scales
ranging from a few hours to several years [71]. For a such a compact source with stable
flux density, it will scintillate when its radio radiation pass the inhomogeneous interstellar
medium, especially at relatively lower frequencies. Pulsar scintillation is similar to the
twinkling, or scintillation, of stars due to the Earth’s turbulent atmosphere. The observation
of pulsars’ scintillation can be used to probe both the distribution and fluctuation of the
interstellar medium [5,72,73]. Currently, a pulsar interstellar scintillation observation
project is being carried out at the TMRT. In Figure 6, we give a sample of dynamic spectrum
plots for interstellar scintillation observations on PSRs B0144+59 and B0450+55 at 2.25 GHz.
It is clear that obvious diffractive interstellar scintillation phenomena have been detected.
Further observations and data analyses are to be carried out, and some more interesting
results will be reported in the near future.

B0144+59

50 75 100 125
t(min)

B0450+55
T -

20 ' 100
t(min)

Figure 6. Dynamic spectrum plots for interstellar scintillation observations on PSRs B0144+59 (top)
and B0450+55 (bottom) at 2.25 GHz. The observed flux density of the corresponding pulsar is linearly
scaled with the brightness of the corresponding pixel.

5. Pulsar VLBI Observations

Accurate distance and proper motion measurements of a pulsar are important for
fundamental astrophysical questions, such as supernova explosion kicks, the equations of
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state of neutron stars, and the galactic electron density distribution. Though it is possible to
fit pulsars’ distances and proper motions with high-sensitivity pulsar timing observations,
this is applicable for pulsars with comparatively stable timing properties. High-precision
VLBI astrometry offers a powerful way to directly measure the parallaxes and proper
motions of pulsars. Compared with pulsar timing, the pulsar astrometry with the VLBI
only needs to fit five parameters. Pathfinding pulsar astrometry with short-baseline radio
interferometry started in the 1970s [74,75]. By the steady progress of the VLBI observation,
correlation, and data processing techniques, the astrometry parameters of tens of pulsars
have been obtained with the VLBI [76-80].

The TMRT has become a significant constituent within some VLBI networks, such as
the Chinese VLBI Network (CVN), European VLBI Network (EVN), and East Asia VLBI
Network (EAVN), and has performed some pulsar observations with them. In addition,
there were some pathfinder observations with TMRT plus the VLBA also arranged. The
partition of the TMRT lengthened the projected baseline in the east-west direction by a
factor of two and makes the UV coverage of observation much better for pulsars located
at high declinations. In Figure 7, we present an image of PSR B0458+46 obtained with
TMRT plus the VLBA at L-band, and its position can be obtained with an accuracy better
than a milliarcsecond (mas). More VLBI pulsar observation results including the TMRT are
being processed.
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Figure 7. An image of PSR B0458+46 obtained with TMRT plus the VLBA at L-band. The effective
integration length on the target pulsar was about 80 min.
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6. Conclusions

Pulsars were chosen as one of the important scientific research objects of the newly
built TMRT, and some interesting observation results have been obtained. In addition, there
are also some other pulsar-related research projects, such as deep pulsar hunting around
the galactic center at high frequency, and fast radio bursts monitoring, being carried out at
this telescope. It can be predicted that more and more interesting research achievements
about pulsars will be made with the TMRT.
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