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The radiative mechanism of coherent radio emission has remained an enigma since the discovery of pulsars,

even with the emergence of fast radio bursts (FRBs), which exhibit similarities to the single-pulse behavior of

pulsars and have opened a new window for deciphering this long-standing mystery. Besides tremendous efforts in

modeling, advanced facilities are essential for solving the problem. The authors review the observational break-

throughs made with the Five-hundred-meter Aperture Spherical Radio Telescope (FAST), which are providing

pivotal insights into the underlying physics of pulsars and FRBs. This study offers a novel perspective in the era

when pulsars meet FRBs, and further investigations are encouraged to utilize the high sensitivity of FAST.

DOI: 10.1088/0256-307X/43/5/051103 CSTR: 32039.14.0256-307X.43.5.051103

1. Introduction. New discoveries can be categorised as

either predicted or unpredicted, and the discovery of the

pulsar belongs to the latter. Indeed, as noted on the fly-

leaf of “Pulsars”, [1] without Jocelyn Bell’s attention to de-

tail and perseverance in her youth, we may not have been

able to appreciate the wonders of pulsars and enjoy study-

ing them for so long.a Unfortunately, even after nearly

sixty years, we still do not fully understand the radiative

*Corresponding authors. Email: hjl@nao.cas.cn; r.x.xu@pku.edu.cn
aThe authors (R. Manchester and J. Taylor) wrote: [1] “The book is dedicated to Jocelyn Bell, without whose perceptiveness and

persistence we might not yet have had the pleasure of studying pulsars.”

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar

technologies, are reserved.
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mechanism of cosmic coherent radio emission, a phe-

nomenon likely relevant to the nature of pulsars, par-

ticularly with regard to their surfaces. Besides theoret-

ical efforts, advanced facilities help; therefore, China’s

FAST (the five-hundred-meter aperture spherical radio

telescope) is the focus of this paper.

FAST was completed with its main structure installed

on September 25, 2016.b It mainly consists of the ac-

tive reflector system, the feed support system, and the

high-precision measurement system; the organic coordi-

nation among all systems ensures the reliable operation

of the telescope. [3] So far, FAST’s sky coverage extends

up to a zenith angle (ZA) of 40∘. When ZA is less

than 26.4∘, the effective reflector approximates a 300-m-

diameter paraboloid; the effective reflection area decreases

by about one-third when ZA reaches 40∘. Given the pri-

mary 19-beam receiver operating at 1.05–1.45GHz, the

telescope’s efficiency, pointing accuracy, and system noise

temperature were measured during commissioning as 63%,

7.9′′, and less than 24K, respectively, for ZA < 26.4∘. [4]

At present, FAST has conducted comprehensive pulsar ob-

servations and will continue to enhance its capabilities and

broaden its application potential in the future.

Without a doubt, pulsars are among the best tar-

gets for FAST, and many research achievements have al-

ready been published since 2019. In order to promote

research into coherent radio emission from pulsar mag-

netospheres and the relevant surface conditions, it is

now timely to review these previous FAST results and

to outline priorities for future efforts. Meanwhile, fast

radio bursts (FRBs), discovered in 2007, pose a simi-

lar challenge in exploring the underlying physics of ra-

dio coherence; therefore, we have also included them in

this review. In fact, this is our motivation for orga-

nizing the dialogue at the Dream Field near the FAST

site (https://psr.pku.edu.cn/conference/psrfrb/) to pro-

mote collaborative research between pulsars and FRBs,

and the present review also serves as an extended sum-

mary of that meeting.

Although FAST’s observations have yielded remark-

able achievements, three major questions require signifi-

cant effort to answer.

1. What is the physical nature of a pulsar’s surface,

and how does it affect magnetospheric electrody-

namics?

2. What is the coherent radiative mechanism responsi-

ble for radio emission in pulsars and FRBs?

3. What is the underlying physics governing the cou-

pling of waves in highly magnetized plasma?

The first question relates to a fundamental challenge: the

equation of state of cold supranuclear matter, as the sur-

face and crust of a compact star are essentially determined

by its interior. The second and third questions are of

interest in both astrophysics and plasma physics. Many

derivative questions arise from these three: (1) How can

the true geometry of pulsar emission be determined ob-

servationally? (2) Are there systematic differences in the

radio emission properties of normal and millisecond pulsars

(MSPs)? (3) Can nulling pulsars provide further insight

into the emission mechanism? (4) Besides the difference in

powering mechanism, what can we learn from the analogy

between the signals of FRB and pulsar? Nevertheless, we

would elucidate our attempts on answering these questions

using FAST observations, and certainly, newly discovered

pulsars may reveal surprising answers.

The structure of this article is as follows. In Section 2,

we outline key observational results from FAST in pulsar

astronomy. In Section 3, we present corresponding results

for FRBs. In Section 4, we discuss the underlying physical

mechanisms responsible for these pulsar and FRB obser-

vations. In Section 5, we outline future prospects. Finally,

Section 6 provides a summary.

2. Pulsars. The discovery of pulsars in 1967 is signif-

icant not only for fundamental science (e.g., checking the

interactions of gravitational and strong forces, probing the

interstellar and intergalactic medium, and detecting nano-

Hertz gravitational waves), but also for driving techno-

logical advances (e.g., digital signal techniques, wideband

radio receivers, and space-based X- and 𝛾-ray telescopes).

Nevertheless, after more than half a century, a central and

enduring question remains: How is the radio emission gen-

erated?

Admittedly, the pulsar emission process is still poorly

understood even now, and it is, however, generally ac-

cepted that primary pairs are produced and accelerated in

regions (gaps) with a strong electric field along the mag-

netic line, while more secondary pairs (with multiplicity of

102–105) are created, and instability may develop in order

to produce coherent radio emission. Although numerous

models have been suggested concerning gap acceleration,

there is a consensus that the acceleration process may de-

pend on the condition of the pulsar’s surface: either a

vacuum gap [5] with sufficient binding energy to hold par-

ticles on the surface, or a space charge-limited flow [6] with

negligible binding.

Recently, numerical simulations in magnetohydrody-

namic and particle-in-cell (PIC) approaches have made

great progress in pulsar emission physics. A novel coherent

radiation mechanism for radio pulsars has been proposed

in PIC simulation. [7] Simulations above the polar cap have

also challenged several conventional assumptions regarding

spark discharge [8] and polarization. [9] Coherent emission

from different regions of pulsar magnetospheres has also

been explored. [10] However, our knowledge on real pulsar

emission processes is still manifestly limited. Surface con-

ditions and propagation effects are not well studied, and

we have almost no idea about the mechanisms behind some

time-varying phenomena, such as mode switching. We are

expecting advanced facilities, e.g., the FAST, could help.

Combining observations with theories more tightly may

push us forward in understanding pulsar emission.

bFAST was initially proposed in 1994 as China’s contribution to the international Large Telescope (LT) project, with the aim of

building a radio telescope array comprising a small number of large dishes. LT was renamed the Square Kilometre Array (SKA)

in 1999. The book The FAST Project by Bo Peng collects many architectural and anecdotal stories. [2]
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Fig. 1. The distributions of flux densities and luminosities of pulsars observed by FAST. In the left panel, the

sensitivity curves for different DMs of the FAST GPPS survey are given, compared with those of the Arecibo and

Parkes surveys, [11,12] together with the histogram of the three surveys. The right panel shows that the FAST GPPS

pulsars have much lower flux densities and dominate at the lower end of luminosity distributions. The probability

distribution functions (PDFs) are smoothed curves for the normalized fraction distribution (original from Ref. [13]).

First of all, let us use FAST to discover new pulsars,

so that we can learn more about other populations.

2.1. Pulsar Searching. It is certainly motivated to

search for pulsars and target FRBs with FAST, and this

effort is in fact focused by a few groups.

2.1.1. The FAST Galactic Plane Pulsar Snapshot

(GPPS) Survey. The GPPS survey represents the most

sensitive systematic search for pulsars in the Galactic plane

to date. Utilizing the L-band 19-beam receiver, with a sys-

tem temperature of approximately 22K, the survey em-

ploys a specialized “snapshot” strategy. This mode covers

a hexagonal sky region of 0.1575 square degrees via four

pointings, with an integration time of 5 minutes per point-

ing. This strategy allows for a high survey speed while

maintaining sensitivity capable of detecting flux densities

down to the magnitude of a few µJy. [14] As of the latest

release, the survey has covered approximately one-quarter

of the planned area within ±10∘ of the Galactic latitude,

resulting in the discovery over 800 pulsars. [13]

A defining achievement of the GPPS survey is its prob-

ing of the faint end of the pulsar luminosity function. The

newly discovered population is dominated by extremely

weak sources, with flux densities reaches µJy, which falls

below the detection thresholds of previous major surveys

like those conducted at Parkes or Arecibo (Fig. 1). Con-

sequently, the GPPS results have significantly reshaped

the known distribution of pulsar luminosities, providing a

decisive contribution to the lower end of the distribution.

Furthermore, the survey has revealed a substantial number

of distant pulsars with high dispersion measures (DMs).

Many of these sources exhibit DMs exceeding the maxi-

mum limits predicted by current Galactic electron density

models (NE2001 and YMW16), particularly in the tangen-

tial directions of spiral arms, suggesting large unmodeled

electron densities in the scutum and Sagittarius arms.

In the time domain, the GPPS survey has utilized a

sensitive single-pulse search module to uncover 76 new

rotating radio transients (RRATs). [15] Detailed follow-up

observations and polarization analyses of these sources,

alongside 59 previously known RRATs, have provided crit-

ical insights into the “RRAT enigma”. The high sensitiv-

ity of FAST reveals that the majority of these objects are

not a distinct class of neutron stars but rather ordinary

pulsars that are either extremely nulling or intrinsically

weak with sporadic strong pulses. The polarization angle

swings of the sporadic bursts from these sources trace the

same geometric curves as their integrated profiles, confirm-

ing that the emission geometry remains consistent between

the transient and persistent phases.

The survey has also significantly expanded the sample

of exotic pulsar populations. The GPPS discoveries in-

clude 177 MSPs, many of which are in binary systems, [16]

including eclipsing binaries and spider systems. Notably,

34 of these new MSPs possess timing precision better than

3µs, making them viable candidates for Pulsar Timing Ar-

rays. Conversely, the survey has been effective in finding

long-period pulsars, identifying eight sources with rotation

periods greater than 10 seconds, including one with a pe-

riod of approximately 30 seconds. Additionally, the survey

serendipitously detected FRBs, distinguished from Galac-

tic sources by their excessive DMs, and pulsars exhibiting

significant scattering tails, which allow for the characteri-

zation of the turbulent interstellar medium in the distant

Galactic disk.

In summary, the FAST GPPS survey has not

only vastly increased the census of Galactic pulsars—

particularly faint, high-DM, long-period, and binary

systems—but has also provided high-quality polarization,

timing, and single-pulse data essential for probing pul-

sar emission physics, neutron star demographics, and the

structure of the Galactic interstellar medium. Its contin-

ued observations are expected to further delineate the dis-

tribution and evolution of neutron stars in the Milky Way.

2.1.2. Pulsar Searching in Commensal Radio Astron-

omy FAST Survey (CRAFTS). The CRAFTS established

as a remarkable project in pulsar astronomy by pioneering

a highly efficient commensal drift-scan technique that si-

multaneously acquires neutral hydrogen and pulsar data.
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As of late 2024, CRAFTS has contributed over 200 pul-

sars to FAST’s total of more than 1,000 discoveries, with

this sample including at least more than 70 MSPs, more

than 100 non-recycled pulsars, and several RRATs. Single-

pulse studies of long-period pulsars have revealed com-

plex phenomena including the coexistence of nulling, reg-

ular, and bright pulses within individual pulse sequences,

each characterized by distinct abundance and duration

distributions. [17] Timing measurements of PSR J0535–

0231 have yielded accurate determinations of its position,

rotational parameters, and DM. The integrated pulse pro-

file reveals at least three distinct emission components:

leading, central, and trailing, with the leading component

exhibiting an anticorrelation with the trailing component.

The time-varying subpulse modulation including drifting

modulation, phase-stationary amplitude modulation, and

diffuse modulation, can not explained by the traditional

carousel model. [18] Furthermore, CRAFTS-discovered pul-

sar exhibits DM exceeding the predictions of the widely

used NE2001 and YMW16 Galactic electron density mod-

els, highlighting the need for refined and improved models

of the interstellar medium. [19]

2.1.3. Pulsar Searching in Globular Clusters (GCs).

Pulsars with their companions such as low mass white

dwarfs (WDs), main sequence stars, neutron stars, or even

black holes are labs in the universe to test the theories

of star formation and evolution, general relativity (GR),

gravity waves, state equation, etc. Besides the galactic

plane, GCs are another target for searching for the binary

pulsars due to their billion year evolutionary ages and at

least 10 times higher stellar density in the core region than

the Milky Way. Binary pulsar in the extremely eccentric

orbit, [20] double neutron stars (M71D for the massive bi-

nary star evolution and M15C for post keplarian param-

eters measurement and gravity tests), possible the mini-

PTA, [21] fastest spining pulsar (Terzan 5 ad [22]) were all

found in GCs. Till the January of 2026, 350 pulsars dis-

covered in 46 GCs, while more than 60 are from FAST

discovery.

Among all the ∼160 GCs, 45 are in FAST sky. Before

FAST, ∼30 pulsars were discovered in these 45 GCs (e.g.,

Ref. [23]). The GC pulsar search with FAST (e.g., GC

FANS, [24,25]) resulted in more than 60 discoveries, more

than doubling the number of GC pulsar in FAST sky. It is

no doubt that the pulsar discoveries come after the built

of large radio telescopes (Fig. 2). The Arecibo plus Parkes

around 1990, GBT around 2005, and MeerKAT plus FAST

currently, are three waves of GC pulsar disocveries.

The earliest GC pulsar search attempts were done with

drift scan mode on the M15, with the detection of M15A

and many related harmonics. Till now, 7 pulsars from

M15 were discovered by FAST. None of them are bright

enough to be found in drift scan, indicating that finding

new and faint pulsars still needs tracking and long inter-

gration. The first set of GC pulsars from FAST, iden-

tified in October 2017, can be M92A [26] and M13F. [24]

Both of them were discovered with the ultra-wide-band

receiver and at ∼500MHz, even if the low frequency is

not so suitable for searching these MSPs. In addition,

Fig. 2. GC pulsar discoveries from Paulo’s GC pulsar cat-

alog (https://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.

html) and references therein.

after J0203-0150 (discovered in August 2017 [27]), these two

MSPs were also the second and third MSPs discovered by

FAST. Since autumn 2020, the 19-beam L-band receiver

of FAST, the data center, and the pipeline for searching

for the exotic pulsars have all been operational, triggering

a GC pulsar discovery “jackpot” that yielded more than

20 pulsars discovered within two months. The biased data

reduction, focused on faint signals, long spin-period sig-

nals, short orbit binaries, or candidate identification, was

then used and resulted in many discoveries.

Among the 60 pulsars discovered by GC FANS, there

are 5 spider pulsars, inclucing 2 redbacks [26] (M92A and

M14E) and 3 black widows (M14A, NGC 6712A, [28] and

M2G [29]), and one inter-stage spider M71E. [30] In addi-

tion, M3A was discovered previously and confirmed to be

a black widow. [31] Two long spin-period pulsars from M15

(M15K and L [32]) were from using Fast folding algorithm,

may indicating a new neutron star forming routine. [33]

With a widely used spectra stacking method (e.g., see

Ref. [34]), 6 faint pulsars from M15 and NGC 6517 were

discovered. These faint signals can not be found by typical

frequency domain pulsar search pipeline. Besides, viewing

the spectra was a useful method for identifying new sig-

nals from the forest of known pulsar harmonics. The pulsar

M15O, which has a very similar (less than 1%) to the 10th

harmonic of M15A, was discovered. [35] In addition, in the

pulsar identification, the on-off observing mode was used

to create one key feature for candidate classification. [36]

This is a new idea for the machine learning and may be

used to break the bottleneck in sample feature selection.

Currently, the GC FANS project were focus on three

aspects.

1. NGC 6517 and the possible intermediate mass black

hole near the center: Before FAST, there are 4

pulsars in NGC 6517. With FAST data, 17 more

were found. [37,38] Among all the 21 pulsars, 17 were

timed. Their positions are near an unknown faint

X-ray object near the GC center. As a very dense

and core-collapse GC, the gathering of pulsars may

be cause by the gravitational potential and the N-

body simulation agrees, too. Thus, we suggest that

there should be an IMBH near the center of NGC
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6517.

2. M10B as the result of stellar object inter-action:

M10B is a binary pulsar with the spin period of

7.35ms. The orbital eccentricity is 0.985. From the

OMDOT, the total mass of this binary system is 1.9

solar mass, smaller than the total mass when assum-

ing the pulsar mass is 1.4 solar mass and the orbit is

edge-on. The accretion is the key for MSP forming

and makes the orbit being circular. So, such a very

quick MSP should be formed earlier than forming

the current M10B system. Thus, M10B is the result

of inter-action of the objects in GCs, proving that

the interaction tends to form eccentric binaries.

3. The mysterious M12B: M12B was discovered by so-

called cross matching method. It is a binary in a

∼0.5 day orbit, however the timing solution was not

obtained till now. By folding the data with a par-

tial timing solution, it seems that M12B’s orbit was

changed periodically, suggesting that maybe there is

a third object around it and affect the orbit. The

monitoring observing is on-going, and currently no

more evidence were found.

2.2. Mean Pulse Profile. Pulsars are highly polar-

ized radio sources. Their mean pulse profiles exhibit di-

verse polarization characteristics, including linear polar-

ization (LP), circular polarization (CP), and position an-

gle (PA) swings. These features have long been studied

to deduce the geometry and mechanisms of pulsar emis-

sion. Databases of polarized mean pulse profiles cover-

ing approximately 1,500 pulsars have been established us-

ing data from telescopes such as the Lovell Telescope,

Arecibo, Parkes Telescope, and MeerKAT, etc. However,

these databases are limited in sample size, particularly for

faint pulsars, due to constraints on observational sensi-

tivity. The FAST addresses this gap with its unprece-

dented sensitivity and 19-beam L-band receiver, enabling

the detection of polarization signals from 460 previously

unobserved pulsars and construction of a database for 682

pulsars. [39]

This sample of mean pulse profiles exhibits diverse

emission features, which are categorized into eight main

types.

1. S-Shaped Polarization PA Curves. Approximately

29% of the pulsars exhibit a monotonic “S”-shaped

swing in PA with rotation phase, which indicates

emission originating from a dipole magnetosphere.

Notably, some MSPs (e.g., PSR J0605+3757) also

displayed S-shaped PA curves, demonstrating that

MSP polarization behavior is not fundamentally dif-

ferent from normal pulsars. These curves are critical

for deriving pulsar geometry via the rotating vector

model (RVM).

2. Orthogonal Modes. 25% of the pulsars show sud-

den 90∘ jumps in PA, which is often accompa-

nied by reduced LP intensity. Most have single

jumps, some have double jumps or multiple jumps.

These jumps are caused by change of the domi-

nance of ordinary (O) modes and extraordinary (X)

modes within the magnetosphere. [40] Even MSPs

(e.g., PSR J0340+4130) exhibit this feature, which

suggests similar magnetosphere conditions for emis-

sion and wave propagation across pulsar types. Non-

90∘ jumps are also detected (e.g., PSR J1946+2244),

which is attributed to mixed emission from different

magnetosphere heights.

3. Highly Linearly Polarized Emission. 11% of the pul-

sars have LP fractions >70%, either across the en-

tire profile or in specific components. This high

LP aligns with theoretical predictions of curvature

radiation (CR) from relativistic particles streaming

along curved magnetic field lines. [41] It is also con-

firmed that pulsars with higher energy loss rates are

more likely to exhibit strong LP.

4. Highly Circularly Polarized Emission. Only some

pulsars show CP fractions >30%, with either left-

handed or right-handed circular polarized. This fea-

ture might be caused by CR models, where density

gradients of relativistic particles and line-of-sight

geometry produce net CP. [42] Non-symmetric cy-

clotron absorption in the magnetosphere may also

contribute.

5. Conal Double Pulsars. Some pulsars have two dis-

tinct components, likely from conal emission beams.

The study verified a previously reported correla-

tion that increasing PA swing correlates with right-

handed CP, while decreasing swing correlates with

left-handed polarization. While some pulsars, like

PSR J1919+1745, deviate from this trend, which

suggests complex beam structures.

6. Interpulse Emission. Approximately 4% of the pul-

sars exhibit an “interpulse” component offset by

roughly 180∘ from the main pulse, indicating emis-

sion from both magnetic poles of the pulsar.

7. Very Wide Profiles. 3% of the pulsars have pro-

files spanning >180∘ of rotation phase, with some

ones covering nearly the entire rotation cycle. Most

of them are MSPs, but some ones are normal pul-

sars, e.g., PSR J1932+1059 (B1929+10), as caused

by small inclination angles that keeps the line of

sight within the emission beam or large polar caps.

8. Scattering Profiles. 3% of the pulsars show extended

tails due to interstellar scattering, accompanying

with flat PA curves in the tail region.

Pulsars are known as the “lighthouse” of the universe.

As mentioned above, most of them behave as periodic

pulses are usually narrow with a duty cycle of ∼10%.

Meanwhile, the mean pulse profiles of the pulsars are cru-

cial for understanding their radiation mechanisms, as they

result from the line of sight repeatedly cutting the radio

emission beam. Thanks to the extremely high sensitivity

of FAST, we find two whole pulse phase radio emission

pulsars, B0950+08 and B1929+10. [43,44] After observing

for approximately 160 minutes with FAST, we identify,
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Fig. 3. Mean pulse profiles with diverse polarization. In the

lower half of panels, the black solid, red dashed and blue dot-

ted lines are for the total intensity, LP and CP intensities.

The PA of LP are represented by black dots in the upper half

of panels.

for the first time, a weak emission component in the mean

pulse profile of the pulsar B0950+08, its observed flux den-

sity is about 10−5 of the magnitude of the peak radio emis-

sion. To investigate and estimate the relative intensity of

the extremely weak emission component further even, we

propose a function, 𝛩(𝑛), to identify the intrinsic radio

emission from this pulsar. [43] The 𝛩(𝑛) function is defined

as

𝛩(𝑛) =

𝑁period∑︁
𝑘=1

2(𝐼𝑘,𝑛−1 − 𝐼𝑘,𝑛+1)
2 − [(𝐼𝑘,𝑛 − 𝐼𝑘,𝑛−1)

2

+ (𝐼𝑘,𝑛 − 𝐼𝑘,𝑛+1)],

where 𝐼𝑘,𝑛 denotes the radio signal intensity in the 𝑘th pe-

riod and its 𝑛th pulse phase bin, and 𝑁period corresponds

to the total rotation periods.

The radio emission feature of pulsar B0950+08 is

shown in Fig. 4; one can see that the mean pulse profile

Fig. 4. Left: the mean pulse profile of PSR B0950+08 over

the number of about 36000 individual pulses based on the

conventional baseline subtraction. To reveal the weak emis-

sion components and its whole pulse profile feature, the cor-

responding vertical expanded views in ×60 and ×900 are in-

cluded in the middle and bottom panels. The intensity of the

region between the pulse phase 0.88 and 0.92 is believed to

be the baseline intensity. The 𝐼Apeak
denotes the peak radio

emission. Right: The 𝛩(𝑛) function for the whole pulse phase

is shown in the top panel, and a vertically zoomed-in view is

plotted in the middle panel. Moreover, a detailed view of the

region in the dashed blue box in included in the bottom panel

to display the relative intensity of the weak emission compo-

nent. The red curve corresponds to the smooth value of the

function 𝛩(𝑛).

of the region between 0.65 and 0.95 displays a “valley”

structure, and the observed flux density at the bottom of

the valley is about 10−6 times that of the peak radio emis-

sion. The right panel of Fig. 4 shows the intrinsic radio

emission of this pulsar over its whole pulse phase, demon-

strating that pulsar B0950+08 is a whole pulse phase radio

emission pulsar.

The radio emission of PSR B1929+10 emits a similar

feature as the PSR B0950+08, both of them have high

brightness temperature, and are located in a nearby loca-

tion. To measure the radio emission characteristics and po-

larization behaviors of the normal and bright pulsar PSR

B1929+10, we carried out a long-term observation to track

this pulsar. We find, for the first time, two new emission

components with an extremely weak observed flux density

of about 10−4 of the magnitude of the peak radio emission

of PSR B1929+10. [44] Our results show that the intrinsic

radio emission of PSR B1929+10 covers the 360∘ of lon-

gitude, demonstrating that this pulsar is a whole 360∘ of

longitude radio emission pulsar. The radio emission fea-

ture of PSR B1929+10 is shown in Fig. 5.

Compared with normal pulsars, the profiles of MSPs

generally occupy broader pulse phase. [39,45] The correla-

tion between profile width and spin period exhibits a spec-

tral index of roughly −0.3 from some large pulsar sam-

ple studies. [45,46] It is reasonable since the emission beam

size is inversely correlated with the spin period under

the hollow cone assumption. [47] Owing to the long term

monitoring on some MSPs, the pulsar timing array (PTA)
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(a) (b) (c)

Fig. 5. Radio emission feature of PSR B1929+10 based on the conventional baseline subtraction. (a) The averaged

pulse profile is included in the top panel, and the corresponding ×1000 expanded scale view is plotted in the middle

panel. To unravel the profile longitudes with extremely weak emission at the pulse longitude range −150∘ to −70∘

even further, a detailed view of the rectangle region in the dashed-dotted box is shown in the bottom panel. The

labeled 𝑆1 and 𝑆2 correspond to the areas of the first and second new pulse components in the left (magenta region)

and the right (cyan region), respectively. The region between the two vertical green dashed lines is believed to be

the baseline position, and the solid gray line represents the baseline position. The 𝐼Apeak
denotes the peak radio

emission of the average pulse. (b) To identify whether the two new pulse components are still visible, which are

similar to the results shown in the bottom panel (a) at nine narrow bands, we calculate the ratio between the 𝑆1

and 𝑆2, 𝑆1/𝑆2, at nine narrow bands and plot them in this subpanel. The red dot corresponds to the ratio 𝑆1/𝑆2

for the two new pulse components of the average pulse profile. (c) The observed profiles of Stokes parameters for

PSR B1929+10 based on the conventional baseline subtraction. We plot the total intensity (the Stokes 𝐼 in the

black), the Stokes 𝑄 in the green, the Stokes 𝑈 in the cyan, and the CP intensity (the Stokes 𝑉 in the blue) in

the top panel. To reveal the observed profiles in the weak emission region in more detail, the ×1000 expanded

scale view is included in the bottom panel. The vertical axis is the same as the vertical axis of panel (a). Same as

panel (a), the region between the two vertical green dashed lines is believed to be the baseline position and is then

subtracted. The horizontal gray line represents the baseline position. And the vertical gray shadow shows that an

unphysical phenomenon is that the Stokes 𝑈 is greater than the total intensity Stokes 𝐼, due to the conventional

baseline subtraction, which is not suitable for this pulsar.

projects provide a substantial sample of profiles with un-

precedented signal-to-noise ratio (S/N). [48–53] Some very

weak emission components were detected for the first time

in a subset of MSPs. [51,53] Their appearances demonstrate

that MSPs sustain emission over much broader rotation

phases than previously thought. Recently, the Chinese

pulsar timing array (CPTA), which mainly utilizes the

FAST telescope, delivers highly delicated polarization pro-

files of 56 MSPs [54] as depicted in Fig. 6. Nearly 80% of

them were detected to contain weak emission below 3% of

the peak flux. These weak emission components present

as pulse-like structure such as J0023+0923, J1630+3734,

J1713+0747 and J2302+4442, or bridge-like emission as

shown in J1012+5307 and J1713+0747. In addition, we

also found some whole pulse phase radio emission candi-

dates as noted above. The duty cycles of six pulsars are

larger than 90% such as J1012+5307, J1713+0747, and

J2302+4442, which illustrates that they may sustain radi-

ation over the whole spin period. Another 12 pulsars are

also potential whole-phase radiators, although their duty

cycles are slightly smaller. Some of them are limited by in-

sufficient S/Ns like J1630+3734, where the weak emission

components are obscured by noise. They can be further

checked with longer integration time accumulated. Some

pulsars exhibit “polarization excess” as happened around

phase 0.3 for J1453+1902, where the linear intensity is lit-

tle higher than the total intensity. The total intensity is

therefore underestimated, due to the incorrect removal of

underlying base emission. With interferometer observa-

tions in future like SKA or FAST core array, we expect to

better determine their baselines.

These whole pulse phase radio emission pulsars chal-

lenge the typical picture of pulsar radiation, which are sup-

posed to concentrate within narrow windows. The pulsar

emission region can be broadly distributed within the mag-

netosphere. From the geometry side, a nearly aligned rota-

tor is a simple and reasonable explanation. It can also ex-

plain that the majority of whole-phase radiators are MSPs,
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Fig. 6. Integrated polarization profiles of some MSPs. (a) The

PA curve; (b) The total intensity (black), LP (blue), and CP

curves (red); (c) Concentrates on smaller intensity range to

more explicitly illustrate weak emission components.

since the magnetic inclination angle may decrease with

time. [55,56] However, we notice that some pulsars con-

tain roughly 180∘ separated inter-pulse like B1929+10 and

J1630+3734. For this case, some radiation components

should come from higher emission height where the mag-

netic field line has larger inclination angle with magnetic

axis. As denoted in B1929+10, [44] they found the region

responsible for weak emission components locate around

the light cylinder. A recent simulation on static dipole

magnetosphere under the assumption of CR has also ap-

proved both geometric configurations. [57] Moreover, they

found that the persistent radiation, although much weaker

than the main pulse, could be generated at high emission

height. We may therefore expect more pulsars become

whole-phase radiators with enough integration time in the

future.

2.3. Single Dwarf Pulses. Using the high-sensitivity

observations of FAST, a number of narrow and weak

pulses was detected in the ordinary nulling state of pul-

sar B2111+46, [58] and later for PSR J2323+1214, [59] PSR

B1931+24, [60] and other 10 pulsars. [61] Utilizing the un-

precedented sensitivity of FAST, a distinct population of

pulsar radio emission known as “dwarf pulses” has been

identified. In the detailed study of the nulling pulsar

B2111+46, FAST revealed a large number of sporadic,

weak, and narrow pulses appearing during phases previ-

ously categorized as “nulling” states by Chen et al. [58] (see

Fig. 7). Unlike giant pulses, which can exceed the average

pulse energy by orders of magnitude, dwarf pulses occupy

the lower extreme of the energy distribution. They ex-

hibit a peak flux density significantly lower than that of

normal pulses and appear as a distinct island in the two-

dimensional distribution of pulse width and intensity (see

Fig. 8). These pulses are typically composed of only one or

a few elementary emission cells with widths narrower than

15∘, distinguishing them from the broader “thunderstorm-

like” emission of normal pulses.

Following the initial discovery in B2111+46, the phe-

nomenon was further established as a common feature

among nulling pulsars. A systematic search of FAST

archival and survey data identified dwarf pulses in ten

additional sources, including well-known nulling pulsars

such as PSRs B0525+21, B1237+25, and B1944+17. [60]

For pulsars with sufficient data, such as B1237+25, the

dwarf pulses clearly separate from the normal pulse popu-

lation in width-intensity space. The energy histograms of

these sources often display a bimodal distribution, where

the dwarf pulses reside within the low-energy peak tradi-

tionally associated with nulls. This suggests that for many

pulsars, the “nulling” state is not a complete cessation of

radio emission but rather a state of extremely weak radi-

ation detectable only by high-sensitivity instruments like

FAST.

Polarization analysis of these dwarf pulses has provided

critical constraints on the magnetospheric geometry dur-

ing the weak emission state. For both B2111+46 and the

sample of ten pulsars reported by Yan et al., [61] the PAs of

the dwarf pulses generally follow the same S-shaped curve

or the orthogonal polarization modes defined by the av-

erage profile of normal pulses. This consistency implies

that the magnetic field structure and the emission geom-

etry remain stable during the transition from the normal

state to the dwarf-pulse state. The observation of dwarf

pulses appearing at various longitudes, including both core

and cone components, further supports that the geometric

configuration of the magnetosphere is preserved even when

the emission intensity drops drastically.

The physical origin of dwarf pulses provides insight

into the pair production processes in aging pulsars. All

pulsars currently known to exhibit dwarf pulses are located

in the “death valley” of the 𝑃–𝑃̇ diagram. The emission

of normal pulses is interpreted as resulting from a “thun-

derstorm” of particles produced by copious discharges in a

regular gap. In contrast, dwarf pulses are likely produced

by one or a few “raindrops” of particles generated in a

fragile gap where the electric potential is barely sufficient

to ignite electron–positron discharges. The detection of

these pulses suggests that the gap activity in older pul-

sars is non-stationary and fragile, occasionally producing

sparse particle streams that result in weak, narrow, but

highly polarized radio emission.
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(a) (b)

(c)

(d)

Fig. 7. FAST detection of a dwarf pulse in a series pulses of B2111+46. (a) A segment of pulse trains of

PSR B2111+46 observed in the session of 2022-03-08 by the FAST, showing some emission and nulling periods;

(b)–(d) Polarization profiles of three individual pulses. In the lower sub-panels the total intensity 𝐼, LP 𝐿 and

CP 𝑉 (with positive values for the left hand sense) are plotted in the original time resolution (49.152µs) of FAST

observations, and the polarization angles PA are plotted in the upper sub-panels. The dwarf pulse in the period

No. 237 has only one resolved emission cell, almost fully linearly polarized with a width of about 0.1∘. Many notches

of the other two pulse profiles are sensitive significant detection of real intensity fluctuations caused by emission

cells with different strength. The error bar for PA is ±1𝜎. The intensity is scaled with the off-pulse fluctuations

expressed by 𝜎bin (original from Ref. [58]).

Fig. 8. Dwarf pulses of PSR B2111+46 as a distinct population from the partial nulling and normal pulses. Pulse

width is measured at the most outer profile at the 3𝜎 detection level. (a) and (b) Pulse fluence integrated over each

pulse, 𝐸, against pulse width, 𝑊 , and the density distribution of data are presented in color and also in contours at

levels of 1/2−𝑛 of the maximum density (𝑛 = 1–8). More sensitive observations on 2022-03-08 gives larger widths

for normal pulses. No mention of about 20% of nulling period, normal pulses are concentrated around the main

peak, with a fluence in the range from 10 to about 50 Jy·ms and a pulse width 60∘ < 𝑊 < 100∘. The dwarf pulses

are concentrated on another peak, with a fluence less than 1 Jy·ms and a pulse width less than 15∘ (i.e., 40ms).

(c) and (d) The same as (a) and (b) but for peak flux density 𝑆 against the pulse width. (a) and (c) For individual

pulses obtained the three sessions in 2020. (b) and (d) For pulses detected in the longer verification observation

session on 2022-03-08 (original from Ref. [58]).

051103-9



Chinese Physics Letters 43, 051103 (2026) Review

2.4. Polarization with Single Pulses. The emission

mechanism sets an initial polarization state of the sig-

nal, and propagation effects in the pulsar magnetospheric

plasma shape the polarization. Therefore, the polarization

of radio pulsar signals contains much information, and is

related to several basic questions in pulsar radiation the-

ories. The pulsar polarization is also used for probing the

interstellar medium. FAST provides high-quality polariza-

tion data of pulsars, and we will introduce some researches

done with FAST data in the following paragraphs.

2.4.1. Measurements of the Radiation Geometry. The

PAs of pulsar pulse profiles are associated with the ra-

diation geometry (inclination angle 𝛼, impact angle 𝛽,

longitude of fiducial plane 𝜑0, ...) through the RVM [62]

and its modifications. The radiation geometry is impor-

tant for understanding the magnetospheric structures, and

for further analysis of radiative processes. However, RVM

fitting of PA curves is always ineffective. [63] One impor-

tant reason is that pulsar signals usually have small duty-

cycles, which introduces large uncertainties in estimating

geometrical parameters. FAST performs better in measur-

ing radiation geometry, because its high sensitivity could

make wider on-pulse regions of integrated pulse profiles,

and smaller measure errors of PA values.

Some large-sample works on measuring pulsar radia-

tion geometry with FAST data have been done, like those

in Ref. [39] (190 pulsars) and in Ref. [64] (16 interpulse

pulsars). Some researches focusing on single sources also

achieve good RVM fitting. For example, reference [65]

measured the radiation geometry of a frequently studied

mode-switching pulsar B0943+10. This updated geome-

try, different from previous ones, is significantly oblique,

and performs better in explaining the X-ray pulsation of

B0943+10. Great sensitivity of FAST also helps measur-

ing the geometry of some sources that have never been

measured, like the work done in Ref. [66].

Of course, RVM has its limitations, as is already pro-

posed by former theories and observations. [67,68] There

are many pulsars with PA curve deviating from RVM

curves. [39] With higher precision in polarimetry, we may

establish a better model for describing radiation geometry

in the future.

2.4.2. Study of the Propagation Effects in Magneto-

sphere. The pulsar polarization records what has hap-

pened in the pulsar magnetosphere. The key physics is

related to the normal wave modes in the pulsar magneto-

spheric plasmas, about their generation, conversion, and

absorption. The basic reflections of wave modes in ob-

servations are the orthogonal polarized modes (OPMs).

We can decode the propagation effects and diagnose the

magnetospheric plasma by analyzing the polarization data.

Such magnetospheric study might reveal even more inter-

esting physics when combined with polarized single pulses

provided by FAST observation, which present a dynamical

magnetosphere.

One example is the analysis and modeling of the single

pulses polarization of the first pulsar B1919+21. [69] The

integrated profile of B1919+21 has a distorted PA curve,

with almost no sign for RVM. Such complexity comes from

Fig. 9. A single pulse of B1919+21 from Ref. [69], with PA

(𝜓), EA (𝜒), and total intensity 𝐼 plotted in two frequency

subbands (1000–1125MHz in green and 1375–1500MHz in or-

ange). In the 𝐼 panel, the intensity curves are normalized

to the maximum values separately for two subbands. Black

line is for total intensity (𝐼); red dashed line for LP inten-

sity (𝐿 =
√︀
𝑄2 + 𝑈2); blue line for CP intensity (𝑉 ). 𝐼, 𝐿,

and 𝑉 are normalized by the maximum total intensity of the

respective profiles.

its single pulses, where PA could change rapidly along

the pulse longitude. An interesting phenomenon is that

in some pulses, the PAs rotate quasi-monotonically along

pulse longitudes over large angles (>180∘), where the

largest quasi-monotonic rotation approaches 720∘. An ex-

ample is given in Fig. 9. Such large rotation could not

be produced by RVM, so the authors attributed it to

the coherent summation of orthogonal polarization modes.

When the phase lag between two wave modes changes

along pulse longitude, both the polarization orientation

and the ellipticity of the added polarization will vary ac-

cordingly. The phase lag is determined by parameters like

plasma density and Lorentz factor.

Since there has been various kinds of analytical models

developed for describing propagation effects in the pulsar

magnetosphere (e.g., see Refs. [70,71]), we can use FAST

data for testing those models, which could be complemen-

tary to numerical simulations nowadays. Some primary

work has been done with FAST released data: Cao et

al. [72] finds that in the limiting polarization region of pul-

sar magnetospheres, the wave mode coupling effect could

explain the diversity of observed single-pulse CP spectra.

By assuming that emission process itself does not gen-

erate significant CP component, the observed CP could

come from the coupling of OPMs in the limiting polariza-

tion region. [73] Cao et al. [72] also try to constrain plasma

multiplicity 𝜅 and Lorentz factor 𝛾 by fitting CP spectra.

The results are 𝜅 ∼ 100–102 and 𝛾 ∼ 100.5–102, for three

pulsars. They demonstrate that the plasma kinetic energy

density account for radio emission is only a very small part

of total spin down energy loss.
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Fig. 10. Three examples for the anomalous-filled mode, which combines the new leading component in the abnormal

mode and the slightly squished components of the core-burst and core-weak modes. [74] The data with radio-frequency

interference are eliminated as marked with white lines.

2.5. Pulsar Zoo.

2.5.1. Mode Changing. The pulse energy of a pul-

sar fluctuates significantly from pulse to pulse; however,

when a large number of individual pulses are averaged,

the resulting mean profile remains remarkably stable. [75]

The single-pulse energy distribution of most pulsars typi-

cally follows a log-normal or Gaussian form. [76] Neverthe-

less, some pulsars display more complex forms of intensity

modulation, characterized by transitions between two or

more quasi-stable emission states.

Pulse nulling refers to the sudden cessation of pulsed

emission, followed by its later reappearance. [77] The dura-

tion of these nulls varies widely, from a few pulse periods

to several minutes or even hours. [78] In rare cases, pul-

sars enter a prolonged inactive phase lasting days or years,

known as the intermittent pulsar state. [79] Multi-frequency

observations demonstrate that the nulling phenomenon is

frequency-independent. [80]

Mode changing is another distinct form of emission

variability, in which the average pulse profile alternates be-

tween two or more stable configurations, with each mode

persisting for duration ranging from a few pulses to sev-

eral hours. [78,81,82] The observational similarities between

nulling and mode changing suggest that they may share a

common physical origin. [78] Mode changing was first iden-

tified in PSR B1237+25, [83] and subsequent studies have

found this phenomenon in dozens of pulsars. These obser-

vations offer valuable insights into the underlying mecha-

nisms of pulsar radio emission.

Several theoretical models have been proposed to ex-

plain mode changing, but its physical origin remains uncer-

tain. Early studies suggested that mode transitions arise

from abrupt changes in magnetosphere current flows. [81]

Pulsar magnetosphere may occupy multiple quasi-stable

states, each characterized by different current distributions

or magnetic geometries, with mode changes reflecting tran-

sitions between these states. [84] The correlations between

pulse shape variations and changes in spin-down rate in

Fig. 11. Average polarization properties of mode A (red)

and mode B (blue). Solid lines show the total intensity, while

dashed and dotted lines indicate the LP and CP components,

respectively. In the upper panel, the S-shaped solid curves

correspond to the best-fit RVM for the PA swings. Vertical

dotted lines mark the phases of the steepest gradient in the

RVM fits.

six pulsars, linking emission state transitions to magne-

tosphere torque variations. [85] This strongly supports the

idea that mode changing is driven by reconfiguration of

magnetosphere currents, which changes the shape of ac-

tive emission regions.

However, it is still unclear whether the emission heights

of different modes are identical or distinct, a key question

for understanding the physical origin of mode changing.

Measuring the emission height of pulsars is challenging,

since both the delay-radius and geometrical methods rely

on the assumption that the emission beam is fully filled.

In many pulsars, however, the beam is likely underfilled,

meaning that estimates based directly on the observed

pulse profiles only provide lower limits on the true emission

height.

With its high sensitivity and exceptional polarization
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Fig. 12. Longitude-resolved fluctuation spectra (LRFS) for 10 MSPs, with the average pulse profile overlaid for

reference. Side panels show the horizontally integrated power of each LRFS.

capability, FAST enables more detailed studies of pul-

sar mode changing. We observed the well-known mode

changing pulsar PSR J0614+2229 using FAST and found

that the PA swings differ significantly between modes (see

Fig. 11). [86] This provides strong evidence that the two

modes originate at different altitudes within the pulsar

magnetosphere. These results further support the idea

that magnetospheric current reconfigurations can alter not

only the geometry of the active emission region, but also

the height at which radio emission is generated.

Moreover, FAST offers a substantial advantage in the

study of MSPs, which are generally faint and have previ-

ously been difficult to observe in detail. Mode changing

has mainly been investigated in normal pulsars, and prior

to FAST’s operation, only two MSPs (PSRs B1957+20 and

J1909-3744) were known to exhibit this phenomenon. [87,88]

Using FAST, we observed a large sample of MSPs and in-

vestigated their emission variability. [82] We discovered a

new MSP (PSR J0030+0451) showing clear periodic mode

changing, and more than ten MSPs exhibiting periodic

intensity modulations similar to this behavior—most of

which are reported for the first time (Fig. 12). Unlike nor-

mal pulsars, in MSPs these periodic modulations often oc-

cur only across part of the pulse profile, and no phase-

locked relationship between the main pulse and interpulse

emission is observed. These distinct characteristics may

reflect the presence of multiple emission regions within

MSP magnetospheres, where different pulse components

originate from separate locations.

The emission swoosh phenomenon refers to a pecu-

liar behavior observed in certain pulsars, where the emis-

sion profile shifts toward earlier rotational phases for sev-

eral consecutive pulses, gradually returning to the nor-

mal phase. This phenomenon was initially identified in

PSRs B0919+06 and B1859+07, [89] and characterized by

a displacement of the emission window, with a new bright

leading component and a weakened or absent trailing com-

ponent. The phenomenon was later recognized as quasi-

periodic, with intervals of recurrence ranging from 150 to

700 rotation periods. [90,91] Recent findings from FAST also

highlight that the duration of emission shifts can vary from

a single rotation period to several tens of periods. [91]

Early studies observed the swoosh as a gradual

phase shift, with no abrupt transitions typical of mode

changes. [89] Subsequent research revealed different types

of swooshes, [90,92] such as abrupt shifts (𝛼-type), gradual

shifts (M-type), and triangular shifts, each with distinct

temporal profiles and emission morphologies. These shifts

typically last tens of pulses and often exhibit frequency-

dependent characteristics, with the profile separation be-

tween normal and anomalous modes becoming smaller at

higher frequencies for B1859+07. However, another pulsar

B0919+06 exhibits the converse frequency-dependence. [93]

Additionally, the relation between swoosh phenomenon

and spin frequency derivatives had been explored, but no

certain correlation was reported. [94]

Recent observations with the FAST provided a signif-

icant advancement by identifying a new emission mode

in PSR B1859+07, termed the anomalous-filled (Af)

mode [74] [see Fig. 10]. In this mode, both the leading com-

ponent from the anomalous mode and the trailing com-

ponent from the normal mode coexist, though the trail-

ing component is slightly compressed in longitude. The

Af mode differs from the typical swoosh behavior by re-

taining the trailing components of the normal emission,

rather than completely eliminating them. This suggests

that the emission swooshes are not caused by a rigid phase

shift, but rather by varying intensities of different emission
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Fig. 13. Distribution of polarization degree for 56 CPTA pulsars. The panels from left to right show the distribution

for LP, CP, and the absolute value of CP, respectively. The top row of panels shows the binned distribution function,

while the bottom row is for the cumulative distribution function. Blue, yellow, and red colors denote the distribution

for normal pulsars, isolated MSPs, and binary MSPs, respectively. Error bars are for the 68% confidence level

computed from 1/
√
𝑁 , with 𝑁 being the counts per each bin. The data for normal pulsars (𝑃0 > 50ms) is from

Ref. [39] (original from Ref. [54]).

components within a largely static emission beam.

In conclusion, the emission swoosh phenomenon is best

understood as the dynamic modulation of the pulsar’s

emission beam, with varying intensities of different com-

ponents. The identification of the Af mode has resolved

the ambiguity surrounding the origin of swooshes, ruling

out models involving phase shifts or orbital interactions.

These results enhance our understanding of pulsar magne-

tospheres and the complex mechanisms that govern their

emission.

In the future, with the ever-expanding sample of pul-

sars observed by FAST, we will be able to construct a com-

prehensive statistical database of pulsar emission proper-

ties. Such a dataset will provide crucial input for theoreti-

cal and numerical simulations, advancing our understand-

ing of the pulsar emission mechanism and the magneto-

spheric processes that drive its variability.

2.5.2. Millisecond Pulsars. Generally, the spin period

of MSPs is smaller than 100ms and the first derivative is

less than 10−17 s·s−1. Up to now, the number of MSPs is

roughly 900, among which FAST has detected more than

200 MSPs. [13,95] The MSPs are supposed to form through

accreting materials from their companion stars, as con-

firmed by the discovery of transitional MSP binaries. [96–98]

The accreting process will distort the configuration of mag-

netosphere, which may have effect on the emission prop-

erties.

Compared with normal pulsars, MSPs have similar

profile complexity [99] and spectral indexes. [45] Based on

the results of CPTA and GPPS survey, no difference is

found on the distribution of fractional LP and CP between

normal pulsars and MSPs, as presented in Fig. 13. It in-

dicates that the recycling history has no effect on polar-

ization properties. Furthermore, the polarization profiles

of MSPs, although the magnetosphere is several orders of

magnitude smaller than normal pulsars, exhibit same char-

acteristics such as LP angle swing, inter-pulse, OPMs, and

sense reversal of CP. [48,100] These observational facts in-

dicate that the radiation mechanisms are same for both

populations.

Different form normal pulsars, the profile widths and

separations between pulse components of MSPs remain

nearly constant across frequencies, reflecting more com-

pact emission regions. [50,99] As shown in Fig. 6, the PA

slopes of MSPs are much shallower than normal pulsars,

although with higher duty cycles. The emission sites of

MSPs may locate at relatively higher emission height,

where the magnetic field is azimuthally bent due to the

sweepback effect. [101] For the CPTA sample, only five pul-

sars present PA curves consistent with RVM model, [54]

among which four pulsars are found to be aligned rota-

tors. The sole exception is PSR J2214+3000 whose mag-

netic inclination angle and sight line angle are 31.6∘ and

30.3∘ respectively. It is similar to the case of B1929+10,

since it also contains roughly 180∘ separated inter-pulse.

2.5.3. Magnetars. Magnetars are a subclass of iso-

lated neutron stars characterized by their ultra-strong

magnetic fields (𝐵 ∼ 1013–1015 G). These objects some-

times exhibit extreme high-energy transient outbursts, the

energy of which exceeds the rotational energy loss rate

(𝐸̇rot), it is generally concluded that these phenomena are

powered by the decay of magnetic fields. [102] Magnetars

are rare, with only 32 confirmed sources and candidates

documented. [103–105] Furthermore, only six have been ob-

served to emit transient pulsed radio emission. Owing to

their extreme magnetic environments and episodic energy

release, magnetars have long been regarded as the most

promising neutron-star candidates for powering FRBs.

Prior to the direct identification of a magnetar as an

FRB host, the field was divided on whether the highly co-

herent FRB radiation originated from the compact object’s

magnetosphere (such as magnetar) [106–108] or from a syn-

chrotron maser mechanism operating in a relativistic shock

far from the source. [109–111] This distinction hinges on the

geometry and stability of the emission mechanism. The

FAST provided critical early evidence favoring the mag-

netospheric model through its high-precision polarimetry.

Utilizing FAST, Luo et al. (2020) observed 15 bursts from

the repeating source FRB 180301 and reported the detec-

tion of various PA swings in seven of them. [112] While both

models can account for strong LP and even non-varying

PAs (as seen in some other repeaters), their predictions

diverge sharply on PA variability. Magnetospheric mod-

els, which invoke ordered field lines sweeping the line of
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Fig. 14. Hard X-ray light curves and spectral evolution of

the burst from SGR J1935+2154 associated with FRB 200428,

as observed by Insight-HXMT. (a)–(c) The light curves in the

HE (27–250 keV), ME (10–30 keV), and LE (1–10 keV) bands,

respectively. The vertical dashed lines mark the two hard X-

ray peaks, whose double-peaked structure is consistent with

that of the associated radio bursts. (d)–(f) The time evolution

of the photon index 𝛾, cutoff energy 𝐸cut, and peak energy

𝐸peak derived from CPL spectral fits (original from Li et al.

(2021) [113]).

sight as the source rotates or as the magnetic configura-
tion is reshaped, are naturally capable of producing di-
verse PA swing patterns depending on the specific geom-
etry. In contrast, synchrotron maser models require the
ordered magnetic field in the shock plane to satisfy the co-
herent condition, which fundamentally predicts a constant
PA during each pulse. The observed diversity and com-
plexity of the PA features from FRB 180301 established
a strong observational foundation for the magnetospheric
origin hypothesis.

The magnetar hypothesis was observationally con-
firmed in 2020 with FRB 200428, based on the Insight-
HXMT detection of a double-peaked non-thermal hard X-
ray burst from SGR J1935+2154, whose two-peak struc-
ture and dispersion-corrected timing were both consis-
tent with those of the associated radio bursts. [113–115]

The corresponding hard X-ray light curves and spec-
tral evolution observed by Insight-HXMT are shown in
Fig. 14. In a contemporaneous monitoring campaign dur-
ing SGR J1935+2154’s active phase, FAST performed a
critical check on the universality of the FRB-burst link.
Lin et al. (2020) reported on an extensive eight-hour
targeted radio observational campaign, comprising four

sessions, which coincided with intense activity from the

magnetar. [116] During the campaign, a total of 29 SGR

bursts were detected at high energies. Throughout the en-

tire observing period, FAST detected no single dispersed

pulsed emission coincident with the arrivals of these 29

SGR bursts. This stringent non-detection established the

most rigorous upper limit on the radio fluence of typical

magnetar bursts to date, with the limit being approxi-

mately eight orders of magnitude fainter than the fluence

of FRB 200428. These results imply that the generation

of coherent radio emission during an SGR burst requires

highly specific and extreme physical conditions. These

constraints strongly suggest that the FRB emission mech-

anism may involve either strong geometric beaming and

a highly relativistic boost (leading to a narrow viewing

cone), or that FRB-like emission associated with common

SGR bursts possesses a narrow intrinsic frequency spec-

trum that typically falls outside the radio band surveyed.

Following FAST’s continued monitoring of SGR

J1935+2154, Zhu et al. (2023) reported the emergence

of a stable radio pulsar phase of the magnetar, detected in

16.5 hours of observation over 13 days, approximately five

months after FRB 200428. [117] These periodic pulses were

approximately eight decades fainter in luminosity than the

FRB-like bursts. This study revealed a profound emis-

sion dichotomy: the stable pulses were emitted in a nar-

row phase window anti-aligned with the X-ray pulsation

profile, while the transient FRB-like bursts appeared in

random rotational phases. This finding suggested a clear

separation of emission modes: stable pulses originate from

a fixed region within the magnetosphere, whereas bursts

occur in random locations, possibly associated with explo-

sive events in a dynamically evolving magnetosphere. This

picture successfully reconciles the observed lack of period-

icity in cosmological repeating FRBs with the magnetar

engine model. Wang et al. (2024) discovered a clear link

between the magnetar’s X-ray and radio states, reporting

the detection of X-ray spectral hardening associated with

the emergence of the periodic radio pulsations. [118] Their

analysis revealed a double-branch association pattern be-

tween the X-ray hardness ratio and the radio activity. This

evidence supports a unified physical picture where the ra-

dio emission originates from the outer magnetosphere of

the magnetar, perhaps triggered by a crustal disturbance.

Crucially, the surface heating due to the bombardment of

inward-going particles from this outer radio emission re-

gion is proposed to be responsible for the observed X-ray

spectral hardening.

2.5.4. Long-Period Radio Transients. Long-period

radio transients (LPTs) are a newly recognized class

of radio sources that emit pulsed radiation with peri-

ods ranging from minutes to hours. To date, a total

of 15 LPTs have been reported (see Table 1). In this

paper, we define LPTs as sources with periods longer

than 1 minute, with the longest known period reach-

ing 6.45 hours. They generally exhibit steep spectra

with spectral indices <−2. The pulse duty cycle varies

widely, from as little as 0.5% to as much as 70%. The radio

pulse profiles can be complex (e.g., GPMJ1839−10 [119])
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Table 1. Observational properties of the published LPTs.

Source
DM 𝑃 𝑃̇ Duty cycle 𝑆𝜈 RM ΠL ΠC

Band Type Ref.
(cm−3·pc) (minutes) (s·s−1) (%) (Jy) (rad·m−2) (%) (%)

ASKAPJ1448−6856 <720 91.2(9) <2.2×10−8 Up to 70 0.00076–0.01248 — Up to 75 Up to 100 Radio/Optical/X-ray WD binary? [127]

ASKAPJ1755−2527 733±22 69.772141(3) −10(92)×10−12 ∼2 0.003–4 962±1 ∼60 ∼40 Radio — [120,128]

CHIMEJ0630+25 22±1 7.0225973(13) 52(11)×10−13 0.4–0.8 0.4–1.9 −347.8±0.6 — — Radio NS [126]

ILT/CHIMEJ1634+44 25±0.2 14.0207649(1) −9.03(11)×10−12 ∼1.2 0.4–9 6.27±0.04 Up to 100 Up to 100 Radio/UV? WD binary? [129,130]

DART/ASKAPJ1832−0911 464.5±0.7 44.270783(16) <9.8×10−10 5–10 0.03–20 90.5±0.1 Up to 100 Up to 64 Radio/X-ray — [121,131]

ILTJ1101+5521 16±6 125.51950(4) 3.04×10−11 ∼ 2 0.041–0.256 4.72±0.14 ∼51 <1.6 Radio/Optical WD+M-drawf [122]

ASKAPJ1839−0756 188.4±5.3 387.0290(55) <1.6×10−7 1.4–3.1 0.01–1.4 214±1.3 60–90 30–60 Radio — [132]

GLEAM-XJ0704−37 36.541±0.005 174.9426250(83) <1.3×10−11 0.3–0.9 ∼0.01 −7 ± 1 20–50 10–30 Radio/Optical WD+M-drawf [123]

ASKAPJ1935+2148 145.8±3.5 53.755150(33) <1.2(1.5)×10−10 0.01–15.5 0.009–0.2347 159.3±0.3 Up to 90 Up to 70 Radio — [133]

J1912−4410 — 5.3224838(13) — <1.2 ∼0.012 — — — Radio/Optical/X-ray WD+M-drawf [124]

GPM1839−10 273.5±2.5 21.9699283(33) <3.6×10−13 2.3–23 0.1–10 531.83±0.14 Up to 100 Up to 95 Radio/Optical? — [134]

PSRJ0901−4046 52±1 1.264759118(1) 2.25(10)×10−13 0.4 0.089–0.169 −62±2 12.2 21.0 Radio NS [135]

GLEAM-XJ1627−5235 57±1 18.1861500(83) <1.2×10−9 2.7–5.5 5–40 −61±1 ∼88 ∼0 Radio — [136]

AR Sco — 1.97 4.0(3)×10−13 10 0.008 — — — Radio/Optical/X-ray WD+M-drawf [125]

GCRTJ1745−3009 — 77 — ∼1 ∼1 — — — Radio — [137]

Fig. 15. Polarization profiles and dynamic spectra of one

burst from GPM1839−10. Top panel: PA of LP at infinite

frequency. Middle panel: Polarization pulse profile; black,

red, and blue curves denote total intensity, LP, and CP, re-

spectively. Bottom panel: Dynamic spectra of the total in-

tensity as a function of frequency and time. The color bars

denote the intensity in the unit of Jy. The observational data

were obtained under the open time proposal PT2024 0124,

and a detailed analysis will be presented in a forthcoming

work.

or remarkably stable (e.g., ASKAPJ1755−2527 [120]).

Most LPTs show a high degree of polarization, both

LP and CP, with some sources reaching nearly 100%

LP or CP. Multi-wavelength observations have re-

vealed X-ray counterparts for ARScorpii, J1912−4410,

DART/ASKAPJ1832−0911, and ASKAP J144834−685644,

with DART/ASKAPJ1832−0911 showing pulsed X-ray

emission phase-aligned with the radio pulses. [121] Four

LPTs, AR Scorpii, J1912−4410, GLEAM-X J0704−37,

and ILT J1101+5521, are identified as WD–M dwarf

binary systems, [122–125] where the latter two are syn-

chronized binaries while the former two are not.

PSRJ0901−4046 and CHIMEJ0630+25 are likely highly

magnetized neutron stars (𝐵 > 1014 G), with measured

period derivatives suggesting that their radio luminosities

could be lower than their spin-down power. [126] In con-

trast, the emission luminosities of ASKAPJ1839−0756,

ASKAPJ1935+2148, GPMJ1839−10, and GLEAM-X

J162752−35 cannot be explained by a simple spin-down-

powered neutron star scenario. In summary, current obser-

vations suggest that LPTs comprise at least two distinct

populations: highly magnetized neutron stars and WD–M

dwarf binaries.

Most LPTs have inferred brightness temperatures well

above 1012 K, indicating that their emission mechanisms

must be coherent. Their high degrees of polarization fur-

ther suggest the presence of strong magnetic fields. In par-

ticular, GPMJ1839−10 shows possible signatures of Fara-

day conversion and cyclotron absorption, providing strong

evidence for a highly magnetized environment. [119] Several

theoretical models have been proposed to explain the ra-

dio emission of LPTs: (1) WD–M dwarf binaries, where

the emission can be explained either by unipolar inductor-

type magnetic interactions [138,139] or by the interaction be-

tween the WD magnetosphere and the companion’s stellar

wind; [140] (2) Long-period magnetars, which require a re-

vision of the classical pulsar death line, possibly through

mechanisms such as twisted magnetic fields [141] or fallback

disks; [142]; (3) Highly magnetized WD pulsars, where the

emission is powered by WD spin-down. [143] However, it

has also been argued that isolated WD pulsars face signif-

icant challenges in producing pairs within a purely dipolar

magnetosphere. [144]

FAST is currently the most sensitive radio telescope

in the world, capable of detecting much weaker bursts

than other facilities. For example, we observed the LPT

GPM1839−10 using the 19-beam L-band receiver at FAST

under the open time proposal PT2024 0124. The po-

larization spectrum of one burst is shown in Fig. 15.

FAST provides clear advantages for studying fine tem-

poral structures and polarization properties. However,

as a single-dish telescope, it is more susceptible to base-

line variations compared to interferometric arrays. Nev-

ertheless, some LPTs, such as CHIME J0630+25 and

ILT/CHIMEJ1634+44, exhibit bursts that are typically

narrow (<1 s), making them particularly suitable targets

for FAST observations.

2.6. Pulsar Timing. Pulsar timing is a technique that

analyses the time of arrival (ToA) of each pulse from a

pulsar. This technique provides highly precise measure-

ments of pulsar’s astrophysical parameters, including spin

parameters, astrometric parameters, and binary parame-

ters if the pulsar is in a binary system. The measure-

ments can be done by using timing programs, wherein the

most popular programs are TEMPO, [145] TEMPO2, [146] and
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“PINT is not TEMPO3”. [147] By measuring the spin pa-

rameters precisely, one can plot the spin period and its first

derivative for all the radio pulsars that have such measure-

ments, deriving 𝑃–𝑃̇ diagram. From 𝑃–𝑃̇ diagram, the

characteristic age, magnetic field, and spin-down luminos-

ity can be inferred under some specific assumptions. These

information for different types of pulsars can promote our

understanding to the evolution of pulsars.

Timing pulsar binary systems leads to the measure-

ments of the Keplerian parameters and post-Keplerian

(PK) parameters, which are particularly useful for testing

gravity theories, especially GR. It started from the dis-

covery of the first pulsar binary system 52 years ago, [148]

which unlocked an ideal laboratory for gravity theories,

enabling us to investigate the radiation property of the

gravity for the first time. The pulsar binary system that

represents one of the current frontiers in testing gravita-

tional theories is the Double Pulsar system; it provides the

most stringent test for GR in strong fields. [149] In recent

years, an increasing number of relativistic pulsar binary

systems have been discovered, and FAST is expected to

make further significant contributions to tests of gravita-

tional theories.

Another important application of pulsar timing is

PTA, which is a galaxy-scale gravitational-wave detector

that exploits the exceptional rotational stability of MSPs.

By regularly monitoring the pulse arrival times of a net-

work of precisely timed pulsars, PTAs search for correlated

timing deviations induced by passing low-frequency gravi-

tational waves, typically in the nanohertz band. This tech-

nique is particularly sensitive to gravitational waves gen-

erated by supermassive black hole binaries and other pro-

cesses in the early Universe. Ongoing PTA experiments,

such as CPTA [150] basing on FAST, provide a unique

and complementary probe of gravitational wave inacces-

sible to ground-based and space-based gravitational-wave

detectors.

2.6.1. Timing Model. When a pulsar signal is received

at a ground-based telescope, its ToA is first recorded in

Coodinated Universal Time and converted to Terrestrial

Time , and then to Barycentric Dynamical Time to re-

move variations caused by Earth’s motion and gravita-

tional potential, yielding the barycentric ToA (𝑡SSB). This

transformation includes a series of corrections: clock off-

sets (𝑡corr), dispersive delay (Δ𝐷) from the interstellar

medium, and relativistic delays such as the Rømer (ΔR),

Shapiro (ΔS), and Einstein (ΔE) delays from both the

Solar System and the binary system, as well as aberra-

tion effects (ΔAB); accurate evaluation of these terms re-

lies on high-precision Solar-System ephemerides (e.g., JPL

DE440), enabling ToAs from different epochs and observa-

tories to be coherently combined. Pulsar timing then mod-

els the pulse phase evolution via a Taylor expansion of the

rotation number 𝑁(𝑡) about a reference epoch 𝑡0, incorpo-

rating the spin frequency and its higher-order derivatives,

and determines the astrophysical timing parameters by fit-

ting this model to observed ToAs, such that the predicted

pulse numbers accurately reproduce the measurements.

2.6.2. Testing GR in Strong Fields. A binary system

Fig. 16. The 𝑃–𝑃̇ diagram of currently known pulsars. The

horizontal axis shows the pulsar spin period, while the ver-

tical axis represents the spin-period derivative. All pulsars

are indicated by black dots. Pulsars in binary systems are

highlighted by red circles, isolated neutron stars with X-ray

emission by green pentagrams, RRATs by light-blue squares,

pulsars with anomalous X-ray emission or soft 𝛾-ray emission

by yellow inverted triangles, and pulsars associated with su-

pernova remnants by pink inverted triangles. The Crab pul-

sar is marked by a red pentagram, while PSR J1946+2052 is

indicated by a blue pentagram. Lines corresponding to con-

stant surface magnetic field strength, spin-down luminosity,

and characteristic age are also shown.

can be described by the Keplerian parameters, which can

be directly measured through pulsar timing observations.

However, for relativistic binary systems, classical Newto-

nian gravity is no longer sufficient to describe the orbital

dynamics, and the Keplerian parameters are no longer con-

stant but evolve with time as relativistic effects become sig-

nificant. These deviations from Keplerian motion are com-

monly described within the parameterized post-Newtonian

formalism, in which relativistic effects appear as small per-

turbations to the Newtonian orbit. [151] For binary pulsars,

such relativistic corrections can be further reformulated

into a set of observable and theory-independent quanti-

ties known as PK parameters, which encode relativistic

effects in both orbital dynamics and signal propagation

and can be directly measured through high-precision pul-

sar timing. [152,153]

Within GR, the PK parameters can be expressed as

functions of the Keplerian parameters and the masses of

the pulsar and its companion. Consequently, the measure-

ment of any two PK parameters determines the component

masses. If more than two PK parameters are measured,

the additional constraints can be used to test the consis-

tency of GR in strong fields. Among the many relativistic

binary pulsars discovered to date, a few representative sys-

tems have been particularly influential in testing GR. One

is the Hulse–Taylor pulsar PSR B1913+16, [148] which pro-

vided the first evidence of the existence of gravitational
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Fig. 17. The timing residuals of PSR J1946+2052. The blue, orange, green, and red residuals correspond to the

L-band/PUPPI data, P-band/PUPPI data, a single GBT observation, and FAST data, respectively. The upper

panel shows the timing residuals as a function of time, while the lower panel presents the residuals as a function of

orbital phase. The root-mean-square (RMS) of the post-fit residuals is consistent with the ToA uncertainties, with

RMS values of 66.088µs, 87.709µs, 138.936µs, and 13.581µs for the Arecibo L-band, Arecibo P-band, GBT, and

FAST data sets, respectively (original from Ref. [154]).

Fig. 18. Mass–mass diagram for PSR J1946+2052. The

regions consistent with the measured orbital decay 𝑃̇b, perias-

tron advance 𝜔̇, Einstein delay 𝛾, Shapiro delay parameters ℎ3
and 𝜍, and their 1𝜎 uncertainties are displayed in red, green,

blue, purple, and orange. Note that 𝑃̇b in this diagram has

been corrected by removing the external contributions. The

grey area is excluded by the mass function and sin 𝑖 ≤ 1. The

inset is an expanded view, showing in more detail the inter-

section of all PK parameters and the self-consistency of GR.

The 𝜔̇-line is based on the leading-order.

waves. [155] Another is the double pulsar system PSR

J0373-3039A/B where the most stringent test for GR in

the strong field regime is conducted. [149] In the following,

we highlight a relativistic binary pulsar that has been ex-

tensively studied with FAST observations.
2.6.3. The Most Compact Double Neutron Star (DNS):

PSR J1946+2052. PSR J1946+2052 was discovered by
Arecibo telescope in 2017, [156] with the shortest orbital
period (1.88 hours) and spin period (17ms) among all
DNS discovered by now in the Galaxy. The coalescence
timescale of PSR J1946+2052 is only 46Myr, which is
almost halfway through the merger of the Double Pul-
sar (85Myr). Furthermore, only one PK parameter was
detected in their work, which is the periastron advance
(𝜔̇ = 25.6∘/yr, the largest among all the discovered DNS).

In the Arecibo observations, there’s no detection of polar-

ization and profile evolution in this pulsar. While FAST

has started observing PSR J1946+2052 since 2019, and de-

tected polarization and significant profile evolution for the

first time. These new information can be used to deter-

mine the entire geometry of the binary system by assuming

GR and the relativistic spin precession. [157]

After more than 5 years’ timing observations with

FAST, combined with the data from Arecibo and

Green Bank telescope (GBT) since the discovery of

PSR J1946+2052, the measurements of timing parameters

has been improved significantly, and can fully describe the

ToAs of this pulsar, with no other trend in the timing

residual, as shown in Fig. 17. The timing results render

the precise measurements of five PK parameters. By plot-

ting each PK parameter in the mass–mass diagram, one

can determine if GR has passed the test through the in-

tersection of the PK parameter curves. The mass–mass

diagram of PSR J1946+2052 is displayed in Fig. 18, where

the five bands that represent five PK parameters meet at

a small common area, indicating GR has passed the test in

PSR J1946+2052. The measured 5 PK parameters enable

3 independent tests for GR, including the second most pre-

cise test for GR’s quadrupole formula of the gravitational

wave emission: the intrinsic orbital decay can represent

1.00005(91) of the prediction of GR, surpassed the test

in the Hulse–Taylor pulsar. In addition, the higher order

contributions in 𝜔̇ are already larger than the current un-

certainty of 𝜔̇, which leads to the correction of the total

mass and shows the potential of measuring the moment of

inertia in the future. Note that the present analysis only

included five years of FAST observations, resulting in a

total timing baseline of approximately seven years. Con-

tinued FAST observations in the coming years are there-

fore expected to substantially improve our understanding

of PSR J1946+2052. [154]

3. Fast Radio Bursts. Five new FRB sources have

been reported during the CRAFTS project. The sample

comprises four apparently one-off (non-repeating) FRBs

and one repeater, FRB 20190520B. [158–160] In addition,
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Fig. 19. Basic parameters for 8 one-off FRBs discovered

by FAST in the GPPS survey (solid star), [13,161] 4 by the

CRAFTS (hollow star), [159,160] and other known one-off events

(cross) detected above 400MHz, mostly by CHIME. [162] The

DME is estimated by using the YMW16 model. [163]

eight one-off FRBs were detected in the FAST GPPS

survey. [13,161] As show in the distributions of burst width,

DM, fluence, and flux of FAST one-off events Compared

with those of CHIME in Fig. 19, there is no significant

difference between the distributions of these sources; but

all these FAST FRBs show lower flux densities and higher

DMs, extending the DM-fluence relation into a more dis-

tant and fainter region. Identifying such low-luminosity

events is pivotal for constraining the low-luminosity end

of the FRB luminosity function.

Among the remarkable achievements of the CRAFTS,

FRB 20190520B is a repeating FRB that has unveiled a

wealth of intriguing properties distinguishing it from all

other known sources. High-precision localization placed

the source within a dwarf galaxy at a redshit of 0.233, and

it exhibits an exceptionally high DM contribution from the

host galaxy, far exceeding that of other known FRBs. [158]

The source is currently the only persistently active repeat-

ing FRB known to exhibit continuous activity across multi-

year timescales, in stark contrast to most FRBs that are

detected only once or display significant quiescent win-

dows. It provides an invaluable natural laboratory for

studying FRB evolution, with long-term monitoring re-

vealing a steady decline in DM at a rate of approximately

12 pc·cm−3 per year, orders of magnitude higher than typi-

cal Galactic pulsars, suggesting that FRB 20190520B origi-

nates from a young magnetar embedded within an expand-

ing supernova remnant only about 10–100 years old. [164]

3.1. Morphology. The burst morphology of FRBs, as

revealed in the time–frequency domain, has emerged as

a key observational window into their radiative processes.

Statistical studies based on large samples, most notably

the CHIME/FRB Catalog 1, [162] have established that re-

peating FRBs commonly exhibit complex burst structures,

including multiple sub-bursts, narrow-band emission, wide

burst duration, and systematic frequency drifts, in con-

trast to the generally simpler morphologies observed in

most apparent non-repeaters. [165] These results suggest

that burst morphology is closely linked to the underly-

ing emission mechanism rather than being dominated by

propagation effects.

High-sensitivity observations with FAST provide a cru-

cial complementary perspective for repeaters by resolv-

ing fine morphological details that are often inaccessi-

ble in survey-mode observations. FAST observations of

the extremely active episode of FRB 20201124A have en-

abled one of the most comprehensive morphological stud-

ies to date, based on more than 600 detected bursts

within a few days. The bursts show a remarkable di-

versity in their dynamic spectra, including single- and

multi-component structures, clustered emission episodes,

and predominantly narrow-band radiation within the 1.0–

1.5GHz band (shown as in Fig. 20). A key result is the

prevalence of systematic downward frequency drifting, ob-

served not only in multi-component bursts but also in

apparently single-component events when examined with

sufficient signal-to-noise ratio. Such drifting behavior, to-

gether with characteristic emission bandwidths of a few

hundred MHz and sub-burst durations of several millisec-

onds, appears to be an intrinsic property of the source

rather than a consequence of interstellar scattering.

Hundreds of bursts allow robust statistical mea-

surements of several key morphological parameters (see

Fig. 21). The emission peak frequency distribution within

the FAST L-band shows two preferred frequency ranges,

indicating that burst emission is not uniformly distributed

across the observing band. Individual sub-bursts are

typically narrow-band, with characteristic emission band-

widths of a few hundred megahertz, substantially smaller

than the total instrumental bandwidth. Temporally, sub-

burst durations cluster around several milliseconds, with

longer durations preferentially associated with lower emis-

sion frequencies. The burst fluence distribution spans

more than an order of magnitude and exhibits non-trivial

structure, reflecting significant diversity in burst energetics

even within a single active episode of one source.

Based on their time–frequency characteristics, the

bursts from FRB 20201124A can be classified into multi-

ple morphological categories, including downward-drifting,

upward-drifting, non-drifting, and complex bursts with

mixed behaviors. This systematic taxonomy demonstrates

that FRB emission is highly structured on millisecond

timescales and likely involves rapidly evolving emission re-

gions or radiation conditions. Similar morphological fea-

tures have since been reported in other repeating FRBs,
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Fig. 20. The dynamic spectra of four bursts illuminating the difficulty of determining DMs. In the upper sub-panel

of each plot is the frequency–time water-fall plot, and the average burst profile over all frequency channels is shown

in the bottom sub-panel. The observational date and the ToA in MJD are marked on the top of each plot. The

burst number on that day and burst width in ms, the DM value used, and the total fluence of the burst are marked

in the lower sub-panel. In the top three panels, the DM values of bursts No. 33 and No. 35 A and No. 144 A

observed on 20210927 are determined from burst emission in the upper half band of the FAST observations; the

middle panels are the same data but with DMs determined from emission in the lower half band. The wide panel at

the bottom shows a complex, No. 113 on 20210927, which have many sub-bursts, making it difficult to obtain one

DM to align with all burst emission. We therefore compromise by using the averaged DM of the day to generate

this plot (original from Ref. [166]).

suggesting that such complexity is a generic aspect of

the coherent radio emission mechanism. In this context,

FAST plays a crucial role by bridging sensitivity and time–

frequency resolution, allowing weak substructures to be

resolved and enabling morphology to be used as a key

diagnostic of FRB radiative processes.

3.2. Polarization. FAST has played a pivotal role in

advancing our knowledge of FRB polarization, revealing

unprecedented details about the magnetic environments

and emission mechanisms of these enigmatic cosmic sig-

nals. Through its exceptional sensitivity, FAST has en-

abled detailed polarimetric studies of numerous FRBs,

with its most significant contributions centering on the in-

tricate and often surprising polarization characteristics of

repeating sources.

The polarization of FRBs is crucial for understanding

the emission mechanism. Normally, one can measure the

polarization properties of burst profile and possible Fara-

day Rotation caused by the magnetized environment. To

calibrate polarization, the prerequisite is to obtain a sam-

ple of FRBs with a significant signal-to-noise ratio. Thus,

FAST is among the best facilities worldwide for studying

FRB polarization.

Polarimetry offers a vector-based probe of the emission

geometry and the magneto-ionic material along the line

of sight. Unlike total intensity (Stokes 𝐼), which traces

the energetics of the burst, the polarization state—defined

by the LP (Stokes 𝑄,𝑈) and CP (Stokes 𝑉 )—encodes

information about the magnetic field orientation at the

source, the turbulence of the circum-burst medium, and
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Fig. 21. Data distributions of the emission peak frequency (𝜈0), burst emission bandwidth (BWe), sub-burst

width 𝑊sb, and specific fluence 𝐹𝜈 for all sub-bursts of FAST-detected bursts. The values are estimated via

Gaussian fittings. The histogram of 𝜈0 distributions shows two peaks, fitted with two Gaussian functions peaking

at 1901.9MHz and 1327.9MHz. The histogram of the BWe and 𝑊sb distributions can be fitted by a log-normal

function, peaking at 277MHz and 7.4ms, respectively. The histogram of the log𝐹𝜈 distribution has a dip near the

peak but is fit by two Gaussian functions, with peaks at log𝐹𝜈 = 2.1± 0.3 and log𝐹𝜈 = 2.9± 0.4, respectively. It is

noted that the sub-burst width 𝑊sb tends to be larger for the bursts emerging at the lower part of the band, while

the emission band widths BWe of these bursts tend to be smaller than those of bursts emerging at high frequency

part of the band, as illustrated by the median and the standard deviation across the three sub-bands in the leftmost

column of data distribution of 𝜈0 vs BWe and distribution of 𝜈0 vs 𝑊sb (original from Ref. [166]).

Fig. 22. Polarization degree statistics of repeating bursts

observed by FAST. The 𝑋-axis represents the degree of LP,

the 𝑌 -axis represents the degree of CP, and the dotted line

indicates that the total degree of polarization is 100%.

the relativistic electrodynamics of the emitting plasma.

The detection of complex polarization phenomena, in-

cluding rapid PA swings, [167] extreme rotation measures

(RMs), [168] and unexpectedly high CP fractions, [169] has

forced a re-evaluation of theoretical models. The simplistic

view of FRBs as generic shocks is being replaced by nu-

anced models involving magnetospheric coherent emission,

relativistic winds, and binary interactions.

The polarization state of electromagnetic radiation is

fully described by the four Stokes parameters: 𝐼 (total in-

tensity), 𝑄 and 𝑈 (LP intensity), which define the orienta-

tion of the electric vector PA, and 𝑉 (CP intensity), which

represents the degree of ellipticity. The total polarized in-

tensity is 𝑃 =
√︀

𝑄2 + 𝑈2 + 𝑉 2, and the degree of polariza-

tion is Π = 𝑃/𝐼. The LP fraction is 𝐿/𝐼 =
√︀

𝑄2 + 𝑈2/𝐼.

Because 𝐿 =
√︀

𝑄2 + 𝑈2 is a positive-definite quantity, any

noise in the Stokes 𝑄 and 𝑈 parameters will always add

positively to 𝐿, causing the measured value (𝐿meas) to sys-

tematically overestimate the true LP (𝐿true).
[170]

𝐿true =

{︃√︀
𝐿2

meas − 𝜎2
noise if 𝐿meas > 𝜎noise,

0 otherwise.

𝐿meas =
√︀

𝑄2 + 𝑈2 is the measured LP intensity in a spe-

cific bin. 𝜎noise is the root-mean-square (RMS) noise level

of the Stokes parameters. The PA, 𝛹 , is derived as

𝛹 =
1

2
arctan

(︁𝑈
𝑄

)︁
.

In the context of FRBs, the evolution of 𝛹 and 𝑉 as a func-

tions of time (𝑡) and frequency (𝜈) provides the primary

constraints on the emission mechanism.
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Fig. 23. Long time scale evolution of RM in repeating FRBs.

To date, FAST has published a series of scien-

tific papers on the polarization of repeating FRBs, in-

cluding FRB 20180301A, [167] FRB 20121102A, [171] FRB

20201124A, FRB 20220529A, [168] FRB 20220912A, [172]

FRB 20240114A etc. Figure 22 shows the statistics of

the LP and CP degrees of the repeating bursts observed

by FAST.

As the number of detection increases, the presence of

CP becomes common in FRB repeaters. The initial po-

larimetric results for the first FRB repeater 20121102A

showed 100% LP at C band. [173,174] However, FAST de-

tected multiple bursts from it with significant CP at

L band. [175] As the number of detections accumulates,

CP has emerged as a common feature among FRB re-

peaters, including FRB 20190417A, [176] 20190520B, [175]

20201124A, [169,177,178] and 20240114A. [179] The presence

of CP in FAST observations, as high as 90%, [169]

raises challenge for the radiation mechanisms of FRB

repeaters.

In the “cold plasma”, relevant for the propagation of

radio waves through the ISM and IGM where thermal

velocities are non-relativistic, the two natural modes are

right-hand circularly polarized (RCP) and left-hand circu-

larly polarized (LCP). These modes possess different phase

velocities due to the presence of the background magnetic

field 𝐵. As the wave propagates, the phase difference be-

tween RCP and LCP accumulates, resulting in a rotation

of the LP plane. This is the classical Faraday Rotation ef-

fect. The rotation angle Δ𝛹 is proportional to the square

of the wavelength (𝜆2), 𝛹(𝜆) = 𝛹0 + RM · 𝜆2. The RM is

the path integral of the electron density (𝑛e) weighted by

the parallel magnetic field component (𝐵||),

RM ≈ 0.81

∫︁ observer

source

𝑛e[cm
−3]𝐵||[µG]d𝑙[pc] rad ·m−2.

Figure 23 shows the long time scale evolution of RM in re-

peating FRBs. This maps the FRB’s immediate environ-

ment. Steady decay implies an expanding supernova rem-

nant around a young magnetar. Fluctuations may suggest

interaction with binary winds or turbulent nebulae. Thus,

RM variations reveal the source’s evolutionary stage and

the dynamics of its local magnetic field.

Numerous intriguing features have been discovered us-

ing FAST, including diverse polarization PA swings, [167]

orthogonal polarization mode jump, [180] and extremely

high CP [169] (see Fig. 24). Most bursts are highly lin-

early polarized. For example, the median LP frac-

tions are 95.5% for FRB 20201124A and 96.0% for

FRB 20220912A. [172,178] Statistically, the LP seems to

show a frequency-dependent relation among repeaters,

which may be characterized using a parameter caused by

multi-path scattering, i.e., 𝜎RM. [181]
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Fig. 24. Polarization profiles and dynamic spectra from FRB 20180301A [167] (Top two panels) and FRB

20201124A [169] (Bottom panel). Diverse PA features are observed, including PA swings, PA orthogonal jumps,

and highly circularly polarized emission in some bursts.

3.3. Burst Activity. Repeating FRBs not only ex-

hibit various spectro-polarimetric characteristics, but also

show highly unpredictable burst activity. Normally, the

observed event rates of repeating bursts vary widely, from

quiescent to hyper-active states, such as FRB 20201124A

and FRB 20240114A. Among these repeaters, many bursts

were detected with clustering feature in time. This can be

modeled by the Weibull distribution: a generalization of

the Poissonian process. Using both the Pincus index and

the Lyapunov exponent, repeating FRBs are far more ran-

dom and less chaotic than events like earthquakes on the

randomness–chaos two-dimensional plane, closely resem-

bling Brownian motion. [182] While a couple of repeaters

can be observed with periodic activities, for example,

16.35-day activity window from FRB 20180916B, [183] we

have not obtained a clear evidence for either short-term or

long-term periodicity from any repeaters using FAST. [184]

4. Hints at Radiative Mechanism. The high-precision
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Fig. 25. Phenomenological models of pulsar radio emission beams. Left: the conal beam model, [185] middle: the

patch beam model, [186] and right: the fan beam model. [187]

timing enables detailed studies of pulse microstructure,

nulling, and mode switching, which are direct manifesta-

tions of plasma processes near the stellar surface. Under-

standing where and how these particles originate is there-

fore central to solving the emission problem for both pul-

sars and FRB sources. Polarization measurements allow

us to probe the distribution of currents and particle ac-

celeration regions just above the surface, thereby linking

observed radio emission to the physical conditions at the

neutron star surface.

Observations of individual pulses, the fundamental ba-

sic radiation units, can reveal the coherence characteris-

tics. These radiation units, whether individual bunches,

charge clouds, or localized plasma instabilities, must be

coherent. Such radiation must be 100% polarized in obser-

vations, and that their special behaviors provide important

evidence for understanding the coherence of radiation.

FAST contributes to understanding how diverse obser-

vational phenomena emerge from magnetospheric dynam-

ics. By detecting faint emission from a large sample of

pulsars, it helps map beam geometry and constrain the

configuration of surface magnetic fields, whether they are

predominantly dipolar or contain higher-order multipole

components. Long-term monitoring campaigns capture

the evolution of pulsar emission states, revealing quasi-

periodic modulations, intermittent activity, and correla-

tions between radio emission and changes in spin-down

rates. For FRBs, some repeaters exhibit complex activity

cycles and variations in burst morphology, hinting at mag-

netospheric processes analogous to those seen in young,

active pulsars but scaled to extreme energy budgets. By

enabling direct comparisons between pulsars and FRBs,

FAST fosters a unified understanding of magnetospheric

dynamics.

4.1. The Geometry of Beamed Radiation. Thanks to

polarization observations of pulsed radio emission, we can

determine the geometry of pulsar radiation, including the

structure of the magnetosphere, the configuration and lo-

cation of the emission beam, and their corresponding char-

acteristics. In fact, radiation geometry is usually used to

describe quasi-steady process in radiation, rather than dy-

namic process. Although the motion and distribution of

radiating particles are also relevant to radiation geometry,

they are always abstracted to be a static or quasi-static

emission beam. Thus, radiation geometry is often related

to the time-invariant characteristics of radiation, for ex-

ample, the mean pulse profile, the PA curve, and their

corresponding evolution with radiation frequency.

In normal pulsars with periods of ∼1 s, the radiation

geometry is comparatively simple. On one hand, the ra-

diation altitude of radio emission is always far lower than

the light cylinder; thus, the induced magnetic field and

the distortion of magnetic field around radiation position

are weak. On the other hand, the radiation altitude is

always much larger than the pulsar radius in the normal

pulsar, which leads to the weak multipolar components

of magnetic field. Hence, the magnetic field near radi-

ation point can be approximated as a static dipole field

induced by the compact star. In this case, there is little

overlap between radiation from different regions, and the

emission beam at a specified frequency can be treated as

a combination of several patches. In some models, the ra-

diative patches are ring-like, circular and symmetric about

the magnetic pole without considering the asymmetry in-

duced by the obliqueness. [185] In some other models, the

radiation beams are shaped as fan-like structures extend-

ing along magnetic flux tubes, [187–189] or appear as dis-

crete and randomly distributed patches. [186] Figure 25 il-

lustrates schematic diagrams of these three kinds of emis-

sion beam geometry.

In addition to phenomenological beam models, radi-

ation geometry is also related to the underlying physical

mechanism of radiation. In fact, radiation arising from

various mechanisms can be understood as a consequence

of particle acceleration. For example, CR arises from

charged particles moving along curved paths, whereas in-

verse Compton scattering (ICS) involves particles accel-

erated by background fields to produce radiation. Al-

though the radiation direction of ultra-relativistic parti-

cles is highly aligned with their motion, different radia-

tion mechanisms produce distinct radiation spectra. These

radaiative mechanisms are also invoked to interpret FRBs.

The RS model [5] posits that pulsar radiation is pri-

marily caused by CR and, when combined with the polar

gap picture, yields a single hollow-cone radiation geome-

try. However, considering other mechanisms like ICS [190]

leads to drastically different results. The radiation geom-

etry of ICS model is shown in Fig. 26. In panel (a), the

radiation process is schematically depicted: low-frequency

radiation is emitted from point S on the stellar surface,
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Fig. 26. (a) The radiation geometry, (b) radiation frequency, (c) emission beam, and (d) resulted pulse profile of ICS model.

and is scattered by the charged particles moving along the

magnetic field line. Three points A, B, and C are marked;

point B is the point of tangency between the emission track

of low frequency radiation and the magnetic field line. The

scattered radiation from points A, B, and C is received at

points A1, B1, and C1 on the segment MN, which is the

projection of the observer on the observer-magnetic axis

plane as the pulsar rotates. The curve of radiation fre-

quency versus emergence angle 𝜁 (the angle between line

of scattered radiation and magnetic axis) is shown in panel

(b). The radiation frequency corresponding to point B is

zero, because the ICS cannot work for the case that low

frequency radiation and charged particle motion having

same direction. In fact, the practical observation is always

taken near a fixed frequency, just like the segment M1N1

in panel (b), which intersects the curve on points J, K,

and L, corresponding to different emergence angles. As a

consequence, the emission beam of the ICS model have 3

cones with different emergence angles as shown in panel

(c). When the line of sight passes the beam along the seg-

ment M1N1M1 which has 6 intersection points with the 3

cones, the observed radiation will have 5 peaks (the pulse

phase between two points L is always very small thus there

is always one peak remained). Furthermore, if the line of

sight passes the beam along other path or the observation

is taken on other frequency, the pulse profile would have

other shapes.

The fan-beam models postulates that relativistic sec-

ondary particles flowing outward along magnetic flux tubes

in pulsar magnetosphere produce radially extended beams.

Desvignes et al. (2019) found that the main pulse beam of

the precessing pulsar PSR J1906+0746 exhibits an elon-

gated strip-like morphology, providing a direct observa-

tional evidence for fan beams. [191] However, the shape of

the interpulse beam of this pulsar aligns neither with the

conal beam model nor with existing fan-beam models. It

should be noted that the beam shape in fan-beam models

depends on the distribution of particles within the mag-

netosphere. Thus, the challenge posed by the interpulse

beam of PSR J1906+0746 likely stems from our incom-

plete understanding of the magnetosphere structure and

particle distributions. Long-term monitoring of precessing

pulsars with FAST will help reconstruct the radio beams of

more pulsars, thereby providing additional direct samples

for studying pulsar beam structures.

Some studies have developed methods to test beam

models through the pulse width–impact angle relation [189]

or the frequency evolution of many single pulses at dif-

ferent phases. [192] Recently, Wang et al. (2023) fitted

the RVM to LP PAs from FAST observations for many

pulsars and derived magnetic inclination angles and im-

pact angles for 190 pulsars. [193] Based on this dataset and

supplemented by other samples, Deng et al. (2026) con-

firmed that for impact angles larger than a few degrees, the
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relationship between the 10% pulse width and the impact

angle remains consistent with the prediction of the fan-

beam model. [194] However, for very small impact angles,

better models are needed to explain the observations. Un-

doubtedly, the strong capability of FAST to resolve single

pulses and to build large samples of magnetic inclination

and impact angles will also play a crucial role in discrimi-

nating among different beam models.

In the MSPs, the radiation geometry is much more

complicated. The radiation position is always near the

stellar surface or light cylinder, thus the distortion and

multipolar components of magnetic field cannot be ne-

glected. Hence, the emission from different radiation re-

gions overlaps significantly, and that the aberration and

retardation effects even intensify the overlapping of the

emission. As a result, it is hardly to differentiate the radi-

ation position with only the time invariant characteristics

of radiation, and the features on single pulse, e.g., spec-

trum structure, PA distribution, and microstructure, may

indicate more information of radiation geometry.

4.2. Boundary Conditions on the Pulsar Surface. The

radiative processes of pulsars and the interior structures

of compact stars are both related to surface properties.

In the early stage of pulsar research, the work function

of ions at the pulsar surface was a hot topic to debate.

Different emission models [5,6] were constructed based on

different estimations about the ion work function. Surface

conditions, including crust, atmosphere, and multipolar

magnetic field, play an important role in glitches, ther-

mal X-ray emissions, and coherent radio emission. FAST

has provided more details in pulsar radio emissionand thus

enables deeper exploration of surface properties.

Small “mountains” or “zits” can formed on the rugged

surface of a pulsar, and then parallel electric field of

the inner gap might be enhanced, enabling more efficient

positron acceleration. [195] This peculiar feature reduces

the voltage required to form a spark, thereby explaining

the unexpected radio emissions observed from those two

dead pulsars, PSR J0250+5854 and PSR J2144−3933, as

well as understanding the swoosh phenomenon described

in Section 2.5.1. Small mountains may locate randomly on

the pulsar surface, which could result in patch-like emis-

sion beams in Fig. 25. A fan beam could be reproduced by

a bunch of particles from point-discharging around a small

mountain if curvature-like radiation dominates.

Additionally, these mountains can also be applied

to explain radio–X-ray synchronization and some highly

asymmetric pulse profiles, by inducing local discharge pro-

cesses. For some examples, please refer to the anal-

ysis of FAST observing PSR B0950+08 [196] and PSR

B0943+10. [65]

4.3. FRB Trigger and Radiation. Although more than

thousands of FRB sources have been discovered, the phys-

ical origin of FRBs iremains unknown, constituting the

paramount unresolved question in FRB research. In the

early stages of FRB research, catastrophic events such as

supernova and binary compact star mergers were once con-

sidered as potential origins of FRBs. However, the dis-

covery of the repeating FRB 20121102A ruled out purely

catastrophic events as the sole origin of such events. Com-

pact objects with strong magnetic fields, i.e., neutron

stars/magnetars, have gradually emerged as potential can-

didates for FRBs. The detection of an FRB 20200428D

originating from the Galactic magnetar SGR J1935+2154

suggests that magnetars are the sources for at least some

FRBs. [114,115] It bridges the critical gap connecting mag-

netar radio emissions to FRBs when this magnetar emitted

radiation similar to FRB 20200428D again in 2022.

The leading hypothesis is that these bursts are trig-

gered by sudden, large-scale energy releases within the

magnetar’s magnetosphere. One possible trigger mecha-

nism is the starqauke caused by sudden and catastrophic

fractures in the crust of a highly magnetized neutron star

or magnetar. [197] During a starquake, the cracking of the

crust releases the accumulated strain in the internal mag-

netic field, which unleashes a tremendous amount of en-

ergy. The starquake process analogous to an earthquake,

so that FRBs may share similar statistical behaviours with

earthquakes. [198]

Let us briefly mention the merits of solid strangeon

stars in relation to starquakes. The energy emitted by

FRBs can be released in any form through magnetic en-

ergy, or gravitational energy due to the bulk variation, [199]

but the total free magnetic energy for toroidal fields re-

leased can be up to 1046 erg. The energy budget of grav-

itational energy is much higher with anisotropy when the

stellar mass is close to 𝑀TOV.
[200] For a star with a mass

exceeding 𝑀TOV, it will collapse into a black hole during a

relatively short timescale and will then no longer produce

FRBs. [201] In the case where the mass is below the TOV

limit, the star will gradually approach its demise. Ulti-

mately, both of the above scenarios lead to the cessation

of FRB following extremely high levels of activity.

Other proposed mechanism involves an external

trigger. [202,203] Falling material is injected into the magne-

tosphere through the interaction with an external source,

producing a large population of charged particles. These

particles are then accelerated to relativistic speeds within

the magnetosphere generates the observed radiation.

The bright temperature of FRBs is calculated to

𝑇b ≃ 𝒮𝜈,𝑝𝐷
2
A

2𝜋𝑘(𝜈Δ𝑡)2

=
(︁
1.2× 1036 K

)︁(︁ 𝐷A

1028 cm

)︁2(︁𝒮𝜈,𝑝

1 Jy

)︁
·
(︁ 𝜈

1GHz

)︁−2(︁ Δ𝑡

1ms

)︁−2

,

where 𝐷A is the luminosity distance, 𝒮𝜈,𝑝 is the flux, 𝜈

is the frequency, Δ𝑡 is the burst width, exceeds the max-

imum bright temperature of ∼1012 K inferred by the in-

coherent synchrotron radiation, so that FRBs must ex-

tremely coherent radiation. Based on the emission region

from the neutron satr/magnetar center, the radiation mod-

els can be generally divided into two categories: emission

within the magnetosphere, and emission from shock re-

gions far outside the magnetospheres. [204] However, the

latter models are challenged for both the observational

and theoretical aspects. Driven by a particular trigger
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Fig. 27. Schematic diagram of magnetospheric radiations.

The blue solid lines denote low-frequency waves.

mechanism, charged particles in the magnetosphere stream

along the magnetic field lines and assemble into bunches.

These bunches have a length smaller than 𝜆/2, where 𝜆 is

the wavelength, thereby enabling the coherent radiation of

FRBs.

During the charged bunches move along the curved

trajectories, they emit coherent CR due to the perpen-

dicular acceleration, shown as Fig. 27 (also for the fol-

lowing two radiation mechanisms). Since the electrons

are ultra-relativistic, their emission is confined to a nar-

row radiation cone. The angular size of this cone is pri-

marily determined by the bunch’s half-opening angle and

the Lorentz factor 𝛾. [205,206] The emission is highly lin-

early polarized near the center of the cone. As the line

of sight sweeps across the edge of the cone, the degree of

CP gradually increases. The characterized frequency of

CR is determined by the height, i.e., 𝜈c = 3𝛾3/(4𝜋𝑐𝜌),

where 𝜌 is the curvature radius. Consequently, when the

line of sight sweeps across two distinct bunches at differ-

ent heights, the emission from the lower one always arrives

earlier than that from the higher one. As the lower bunch

typically radiates at higher frequencies, this scenario natu-

rally accounts for the observed downward-drifting pattern

of at least some FRBs. [207] However, the spectrum of CR

is inherently broadband, i.e., Δ𝜈/𝜈 > 0.1. Generating the

observed narrowband emissions therefore requires an addi-

tional mechanism, such as quasi-periodic discharges within

a gap region. [208,209]

ICS is also a radiation mechanism that could poten-

tially generate FRBs. [210] When incoming low-frequency

waves are scattered by high-energy electrons, ICS can oc-

cur. The low-frequency waves here might be the fast mag-

netosonic wave triggered during the starquake. Similar to

the bunched CR scenario, the ICS waves are highly linearly

polarized for the on-beam case whereas highly circularly

polarized for the off-beam case. Note a common property

of the bunching antennas coherent radiation is that the

sign change of CP can be seen when the LOS sweeps across

the bunch center. The difference is that the CR from a

single electron can generate CP even when the LOS is not

confined to the trajectory plane, while the ICS emission is

linearly polarized and requires the superposition of elec-

tric vectors from different directions to produce CP. The

ICS spectrum can be narrow-banded, with its frequency

being a twice Doppler-boosted version of the monochro-

matic low-frequency incoming wave. [211] Currently, there

is no established mechanism of ICS to explain the drifting

pattern observed in FRBs.

Coherent Cherenkov Radiation (ChR) is also proposed

to explain FRBs in which a crucial condition that the in-

dex of the plasma medium 𝑛𝑟 > 1. [212] The bunched ChR

has a narrow spectrum but with ∼100% LP.

5. Future Prospects. To overcome inherent limita-

tions in angular resolution and fully exploit the optimal

local electromagnetic environment, a significant strategic

upgrade, known as FAST Phase II, is envisioned. This

project aims to construct an ultra-high sensitivity and high

angular resolution hybrid interferometric array comprised

of the existing main dish and additional smaller antennas.

The ultimate goal, targeted for completion by the end of

2030, involves establishing a large-scale array consisting

of 64 new 40-meter diameter antennas distributed within

a 30-kilometer radius of FAST, forming a “1+64” syn-

thesis array. Upon completion, this configuration is pro-

jected to yield an unprecedented observational sensitivity

of 4000m2/K and achieve a spatial resolution of approx-

imately 1′′. These substantial enhancements in detection

sensitivity, precise localization, and imaging capabilities

across time, frequency, and spatial domains are expected

to facilitate major breakthroughs, particularly in probing

the radiative processes of pulsars and the precise local-

ization of FRBs, alongside broader applications in neutral

hydrogen, active galactic nuclei, and gravitational wave

studies.

The steerable Jingdong 120m Pulsar Radio Tele-

scope (JRT) will be built in Jingdong county of Yun-

nan Province, China. It will become the world’s largest

fully steerable radio telescope with observation frequen-

cies covering 100MHz–10GHz (300 cm–3 cm). JRT’s sci-

entific goals include (1) performing long-term, high-time-

density, and high-precision timing observations for more

than 90% of MSPs in the sky to research the construction

of a pulsar-based time scale and the detection of nanohertz

low-frequency gravitational waves; (2) contributing obser-

vational studies in the fields of pulsar physics, FRBs, grav-

itational testing, black hole, and very long baseline inter-

ferometry (VLBI) astrometry; and (3) serving the national

strategic needs in the fields of pulsar navigation, deep

space exploration, and space target monitoring. JRT de-

veloped key technologies such as large-scale antenna struc-

ture design, ultra-wideband feed, low-noise receiver, and

multi-functional digital backend. The design and develop-

ment of each subsystem of JRT will be completed along

with relevant domestic research forces. JRT construc-

tion will promote China’s development in engineering and

technical fields, such as large-scale machinery design and

processing, automatic control, low-temperature electron-

ics, and system integration. The completion of JRT will

progress China’s radio astronomy and improve its interna-

tional influence.
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The Qitai radio telescope (QTT), located at an ele-

vation of 1,800m in the eastern Tianshan Mountains of

Xinjiang’s Qitai County, is a fully steerable, 110-m diam-

eter Gregorian telescope with a standard parabolic pri-

mary reflector. [213] This telescope works at 150MHz up to

115GHz. The QTT will operate in pulsar, spectral line,

continuum and VLBI observing modes, and also plays an

important role in improving the Chinese and international

VLBI networks.

6. Summary. Thanks to the extremely high sensitiv-

ity of FAST, we can not only detect faint single pulses

but also precisely measure their polarization. These di-

verse observations provide crucial insights into the phys-

ical mechanisms underlying pulsars and FRBs. The re-

markable achievements are summarized as follows.

Over 800 pulsars are discovered during the GPPSs.

The survey also serendipitously detected some highly dis-

persed FRBs. FAST’s GC pulsar surveys (e.g., GC FANS)

have also discovered over 60 new pulsars, more than dou-

bling the known population in its sky coverage. Further-

more, more than 200 MSPs have been detected.

By utilizing the high sensitivity of FAST, some pul-

sars can be observed to exhibit a “valley-like” structure in

their average pulse profiles. Accurately delineating these

fine profiles can help us to understand the radiation geom-

etry of pulsars. Meanwhile, this also enables the detection

of variety of polarization features in many pulsars. Among

the CPTA and GPPS samples, MSPs can share the same

distribution of fractional LP and CP with normal pulsars.

These features may reflect various aspects of pulsar ra-

diation geometry, radiative mechanism, and propagation

effects within the magnetosphere.

Single pulses, especially those with extremely high po-

larization, may represent the fundamental emission units

of pulsars. FAST detected as numerous sporadic, weak,

and narrow pulses during the traditional “nulling” state of

pulsar B2111+46. All pulsars currently known to exhibit

dwarf pulses are located in the “death valley” of the 𝑃–𝑃̇

diagram. The phenomenon has since been confirmed in

at least 13 pulsars, including PSR J2323+1214 and PSR

B1931+24. The detection of dwarf pulses prompt us to

reexamine the radiative mechanisms of pulsars.

Some pulsars exhibit temporal variability, like pulsars

with mode changes and LPTs. These temporal variabil-

ity reflect the fact that the global magnetospheric struc-

ture or local emission regions are not static. The radio

emission from magnetars are also time-variable. Mag-

netars’ radio emission only appears following X-ray out-

bursts, a radio pattern reconfirmed by FAST observations

of SGR 1935+2154 which pulsations matches the X-ray

observations.

FAST pulsar timing can yield precise mass measure-

ments puslar binary system. PSR J1946+2052, the most

compact DNS, has the shortest known orbital period

among Galactic DNSs. Long-term observations, primar-

ily from FAST, have enabled the measurement of five PK

parameters. These collectively provide three independent,

high-precision tests of GR. One test of orbital decay is

the second most precise ever, surpassing the Hulse–Taylor

result.

The radiation geometry relates to stable observational

features like pulse profiles and polarization. In typical

pulsars, emission occurs far below the light cylinder but

well above the surface, allowing a static dipole approxi-

mation where beams appear as distinct patches (ring, fan,

or random). This geometry is inherently linked to radia-

tion mechanisms (e.g., CR and ICS), as different acceler-

ation processes dictate emission direction and spectrum-

requiring combined study.

FAST has great advantages in monitoring known FRB

source to detect faint bursts. According to FAST’s sam-

ples of hundreds of bursts, FRBs with time-frequency

structures can be classified into multiple morphological

categories, including downward-drifting, upward-drifting,

non-drifting, and complex bursts with mixed behaviors.

Some polarization observations, such as PA swings and

PA jumps, indicate that the radiation from FRBs likely

originates within a magnetosphere. Within the magneto-

sphere, charged particles can generate coherent radiation

through mechanisms like CR, ICS, and ChR.

FAST observations are expected to advance our under-

standing of fundamental questions, such as the nature of

dense matter inside neutron stars and its impact on mag-

netospheric dynamics, the coherent emission mechanism of

both pulsars and FRBs, and the magnetospheric plasma

physics. In the future, the commissioning of additional fa-

cilities will undoubtedly enhance our ability to understand

and resolve these challenges.
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