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ABSTRACT

Timing observations are crucial for determining the basic parameters of newly discovered pulsars. Using the Five-hundred-meter
Aperture Spherical radio Telescope (FAST) with the L-band 19-beam receiver covering the frequency range of 1.0-1.5 GHz,
the FAST Galactic Plane Pulsar Snapshot (GPPS) Survey has discovered more than 600 faint pulsars with flux densities of only
a few or a few tens of wJy at 1.25 GHz. To obtain accurate position, spin parameters and dispersion measure of a pulsar, and
to calculate derived parameters such as the characteristic age and surface magnetic field, we collect available FAST pulsar data
obtained either through targeted follow-up observations or through coincidental survey observations with one of the 19 beams
of the receiver. From these data we obtain time of arrival (TOA) measurements for 30 newly discovered pulsars as well as
for 13 known pulsars. We demonstrate that the TOA measurements acquired by the FAST from any beams of the receiver in
any observation mode (e.g. the tracking mode or the snapshot mode) can be combined to get timing solutions. We update the
ephemerides of 13 previously known pulsars and obtain the first phase-coherent timing results for 30 isolated pulsars discovered
in the FAST GPPS Survey. Notably, PSR J19044-0853 is an isolated millisecond pulsar, PSR J1906+4-0757 is a disrupted recycled
pulsar, and PSR J1856+4-0211 has a long period of 9.89 s that can constrain pulsar death lines. Based on these timing solutions,
all available FAST data have been added together to obtain the best pulse profiles for these pulsars.

Key words: pulsars: general.

used to determine the masses of the pulsars (Demorest et al. 2010;

1 INTRODUCTION Antoniadis et al. 2013), which in turn constrains the equation of

Pulsars are highly magnetized neutron stars. Their fast and stable
rotations make them highly precise astronomical clocks and pow-
erful tools for studying physics and astrophysics. Pulsar timing is
the most important step in determining the basic parameters. By
measuring and modelling the times of arrival (TOAs) of pulses,
one can determine the spin period, period derivative, position, and
dispersion measure (DM), and then derive the characteristic age,
surface magnetic field strength, and spin-down luminosity. Pulsar
timing can show if a pulsar is in a binary system, and then be used
to obtain the binary parameters. The timing of pulsars in compact
binary systems can be used to test theories of gravity through the
measurement of changes in their orbital parameters caused by strong
gravitational effects (Taylor & Weisberg 1989; Kramer et al. 2021).
The timing can show the additional Shapiro delay, which can be
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state of neutron stars. The long-term timings of some pulsars show
irregularities of TOAs. The sudden increases in the rotation frequency
of some young pulsars are known as ‘glitches’ (e.g. Yu et al. 2013;
Basu et al. 2022) and can be used as a probe of the internal structure
of neutron stars. The monitoring of a series of millisecond pulsars
(MSPs) can reveal the stochastic gravitational wave background (e.g.
Hobbs et al. 2010; Perera et al. 2019; Falxa et al. 2023; Xu et al. 2023).
Furthermore, exact measurements of pulsar TOAs can be used as a
tool for time-keeping (e.g. Hobbs et al. 2020).

To date, there are over 3300 pulsars in the Australia Telescope
National Facility (ATNF) Pulsar Catalogue (Manchester et al. 2005).!
Most of them were discovered in pulsar surveys carried out with
large radio telescopes, and precise basic parameters were determined
mostly by subsequent monitoring and timing (e.g. Manchester et al.
2001; Cordes et al. 2006; Stovall et al. 2014; Sanidas et al. 2019;

Thttp://www.atnf.csiro.au/research/pulsar/psrcat/
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Tyul’bashev, Kitaeva & Tyul’basheva 2022). In the P-P diagram,
different types of pulsars, such as MSPs, magnetars, normal pulsars,
and young pulsars, occupy distinct regions.

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST, Nan 2006; Nan et al. 2011) is the most sensitive single-
dish radio telescope in the world. There are three ongoing pulsar
surveys using FAST: the FAST Galactic Plane Pulsar Snapshot
(GPPS) survey (Han et al. 2021, i.e. Paper 1), which has discovered
more than 600 pulsars?, including more than 76 transient pulsars
(Zhou et al. 2023a, i.e. Paper 1I) and five fast radio bursts (Zhou
et al. 2023b, i.e. Paper IV); the Commensal Radio Astronomy FAST
Survey (CRAFTS, Li et al. 2018) which has discovered more than
172 pulsars (Miao et al. 2023); and the FAST Globular Cluster Pulsar
Survey (Pan et al. 2021), which has discovered more than 40 pulsars.
The FAST GPPS Survey covers the Galactic plane in the Galactic
latitude range of +10° visible to the FAST, by using a specially
designed observation mode, dubbed the ‘snapshot mode’, through the
quick switches of four pointings using the L-band 19-beam receiver
of the FAST (see details in Han et al. 2021). Pulsars discovered in
the FAST GPPS Survey are very faint, with some of them having an
extremely low flux density of a few uJy (Han et al. 2021; Zhou et al.
2023a).

This paper is the third paper of the FAST GPPS Survey, reporting
the timing results of 30 isolated pulsars discovered in the FAST
GPPS Survey. It is hard to detect such faint pulsars discovered by
the survey using other radio telescopes in a limited observation time.
In order to obtain the basic parameters of these newly discovered
pulsars, we collect available FAST data from the FAST GPPS Survey
observations or the follow-up tracking observations, either through
targeted observations or through coincidental observations with one
of the beams of the L-band 19-beam receiver. We demonstrate
that TOA measurements acquired by FAST from any beams of the
receiver can be combined for pulsar timing. We obtain coherent
timing solutions of 13 known pulsars and 30 newly discovered
pulsars. In Section 2, we briefly describe the observations of the
newly discovered pulsars and verify the precision of observations
with various beams. In Section 3, we present the timing results and
discuss the pulsar properties. In Section 4, we summarize our work.

2 FAST OBSERVATION DATA AND
PROCESSING

Our data have been taken mostly from the FAST GPPS Survey
and other FAST observation projects, including PT2020_0071,
PT2021.0037, PT2021.0126, PT2021.0132, PT2022.0047,
PT2022_0174, and PT2022_0186. In addition, we obtained one TOA
value from the FAST archival open data.?

2.1 FAST observations and data collection

In observations for the FAST GPPS Survey and follow-up verification
observations of pulsar candidates, very often a pulsar, either a known
pulsar or a newly discovered pulsar, is detected from one beam or
even from several beams of the L-band 19-beam receiver. Data from
4096, 2048 or 1024 frequency channels covering the band of 1.0—
1.5 GHz are recorded in the search mode with a sampling time of
49.152 ps. For each frequency channel, data for two polarization
channels (XX and YY, mostly in the GPPS Survey observations) or

Zhttp://zmtt.bao.ac.cn/GPPS/
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four polarization channels (XX, X*Y, XY* and YY, mostly in follow-up
tracking observations) of each frequency channel are recorded. The
GPPS Survey snapshot observations last for 5 min for each pointing,
and the verification tracking observations often last for 15 min, and
all data from the 19 beams are recorded. The 19-beam receiver has
a system temperature of about 22 K. Often, at the beginning or the
end of each observation session, periodic calibration noise signals
are injected for 2 min (for the 15-min sessions) or 40 s (for the
5-min sessions), and the data of four polarization channels in this
duration are recorded for the system calibration for the bandpass and
polarization characteristics.

The specific FAST timing observations in some follow-up projects
were made with the tracking mode or the SwiftCalibration mode
or the SnapShotCal mode. In the tracking and SwiftCalibration
observations, each pulsar was tracked for 5-15 min, often using only
the central beam of the L-band 19-beam receiver. The SnapShotCal
mode observations were conducted for some pulsars to collect data
from 76 beams so that the data of two or three other pulsars could be
collected by using some of the 4 x 19 beams in one cover without
costing any valuable FAST time for additional slewing.

When the data of all FAST beams in any observation mode are
searched, known pulsars and newly discovered pulsars are detected
and catalogued. It is important to verify if all these data can be used
together for pulsar timing.

2.2 Data preparation and pulsar timing

To carry out timing analysis, the initial parameters and TOAs of all
observations have to be obtained first. Using the accumulated TOA
data over more than one year, one can in principle obtain the precise
spin parameters and position of a pulsar through timing analysis.

By using the initial parameters from the ATNF pulsar catalogue
(for a known pulsar) or the searching output (for a newly discovered
pulsar), including the approximate position, the initial period, and
DM, we fold the survey data or follow-up FAST observation data
in the searching mode using DSPSR* (van Straten & Bailes 2011).
This creates fits files with the initial parameters properly set in
the head information, which are then used to find the optimal
barycentric period and DM and obtain an integrated pulse profile
with the highest signal-to-noise ratio (S/N) using the PDMP tool
fromPSRCHIVE® (Hotan, van Straten & Manchester 2004).

The basic timing model for each pulsar includes its position, spin
frequency (FO0), derivative of the spin frequency (F1), and DM. We
first use the beam position for a pulsar obtained from the survey (for
a newly discovered pulsar or a known pulsar with a poor position in
the ATNF catalogue), and FO and DM obtained from the best period
obtained by PDMP as the initial parameters for timing analysis, while
F1 is initially assumed to be zero.

These initial parameters are important for obtaining more TOAs
from observations. The observation data are folded to form PSRFITS
archive files with a subintegration of every 10-20 s and with 256—
2048 phase bins per period with these initial parameters. After
removing radio-frequency interference (RFI) using PAZ and PSRZAP,
we integrate all subintegrations and all channels using PAM in the
PSRCHIVE tool. A noise-free standard profile template is created using
PAAS, mainly through the Gaussian fitting to such an integrated pulse
profile, with the highest S/N typically a few tens. Finally, by using
PAT, we obtain TOAs from cross-correlating the template with all

“http://dspsr.sourceforge.net/
Shttp://psrchive.sourceforge.net
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observed pulse profiles, typically with an uncertainty of much less
than 1 ms for normal pulsars, depending on the pulsar period and
observation length.

We conduct a timing analysis using the TEMPO2° package (Hobbs,
Edwards & Manchester 2006), and the final timing solutions are ob-
tained after a few iterations. We first fit FO using TOAs obtained from
several observations in nearby epochs, then fit the other parameters
in the timing model as needed, and obtain RA, DEC, FO and F1 as
the first iteration. The JPL DE440 planetary ephemeris is used in our
analysis. In the analysis of GPPS pulsars, the Barycentric Coordinate
Time (TCB) unit is utilized, while the Barycentric Dynamical Time
(TDB) unit is employed for previously known pulsars for comparison
with parameters in the literature. After these basic parameters of the
first iteration are obtained for the phase-connected solutions, FAST-
observed data are folded again with these improved parameters, and
then the new template is formed from the integrated profile obtained
by combining all data using PSRADD, typically with a much improved
S/N, depending on the pulsar flux density and the sharpness of the
profile. All TOAs are obtained again from every FAST observation
session, and these TOAs in general have a better precision than
those from profiles with a low S/N. These TOAs are fitted again
to obtain an improved timing solution and residuals via TEMPO2 as
the second iteration. To improve the DM precision, we integrate all
available archive files to one subintegration and four subbands, and
then compute the TOAs of different frequency subbands, and then
all parameters except DM are fixed, and we use TEMPO2 to fit the
final DM. With the basic parameters together with the newly derived
DM, the FAST data are folded again, and the TOAs are obtained for
the final timing analysis, and the solutions are given as final results.
To obtain the integrated pulse profiles with the best S/N, the data
are refolded with the final ephemeris. Following the polarization
calibration procedure described in Wang et al. (2023), we obtain
the total power pulse profile or polarization profiles of pulsars for
which data with four polarization channels are recorded. The new
rotation measure (RM) is obtained via RMFIT. The Faraday rotation
of linear polarization is corrected for the final polarization profiles,
and data from several sessions are then summed with a weight of
S/N. If the polarization data of a pulsar are not recorded for many
sessions, the total intensity pulse profile is obtained from the sum of
all observations with a weight of S/N. Using the method described
in Han et al. (2021), we estimate the flux densities of these newly
discovered pulsars from the integrated total intensity profiles.

2.3 Verification of timing using data from different beams of
the FAST 19-beam receiver

Here we verify if data collected by different beams of the FAST
19-beam receiver can be used together for pulsar timing analysis.
For this subtle work, we study the TOA data of PSR B1937+21,
which is a bright MSP with a period of 1.56 ms. Previously, the
high-precision timing solution of PSR B19374-21 (Reardon et al.
2021) was obtained from long-term timing observations through
the International Pulsar Timing Array (including observations by
the European Pulsar Timing Array, the North American Nanohertz
Observatory for Gravitational Waves, and the Parkes Pulsar Timing
Array). PSR B19374-21 was observed by chance in a FAST snapshot
survey in 2021 December in the cover of G57.49—0.17.20211221.
Among four pointings of the 19 beams, the strong pulsar was detected
from 31 of the 76 beams in the sky, mostly via the side-lobes of the

Shttp://bitbucket.org/psrsoft/tempo2
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Figure 1. Direct measurements of TOA residuals for PSR B1937421
detected by many beams (Mk, k = 01-19, in the upper panel, most of them via
side-lobes) of the FAST L-band 19-beam receiver in the four pointings (Pn,
n =1, 2, 3 and 4, in the lower panel) conducted in one snapshot observation
of the FAST GPPS Survey, G57.49—0.17.20211221. All TOAs are very
consistent with each other within 0.4 ps for this bright high-precision MSP,
without any further calibration on the different delays between the receivers
for 19 beams, indicating that data of different beams and different pointings
can be used together for timing analysis. The large error bars of some data
are caused by a low signal-to-noise ratio.

receiver beams. We folded the data into 10-s subintegrations using
the PPTA ephemeris and removed RFI using PAZ, then integrated the
data in both time and frequency dimensions. The template is formed
from data collected by the beam of P4MO03, which has the highest
S/N. We obtained TOAs using PATand calculated pre-fit residuals
using TEMPO2.

Clearly, the uncertainties of TOAs depend on the S/Ns. We have 26
TOA measurements with an uncertainty smaller than 5 s, as shown
in Fig. 1. For all beams with pulsar signal detection, TOA residuals
are consistent with each other with o ~ 0.4 us. This demonstrates
that pulsar signals detected from any beams of the FAST L-band
19-beam receivers from any pointings can be used for pulsar timing
directly. The differences for the signal delay in different receivers in
the L-band 19-beam receivers are almost negligible.

3 FAST TIMING RESULTS

Based on FAST observations, we obtain timing solutions for 30
pulsars newly discovered by the GPPS Survey and 13 previously
known pulsars. First, we present the results for the 13 pulsars.

3.1 Timing results for 13 previously known pulsars

We have collected a good number of FAST observations for 13
known pulsars from the GPPS Survey observations and the follow-
up observations. Through timing analysis of these data, we obtain

MNRAS 526, 2645-2656 (2023)
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Table 1. Basic parameters for 13 previously known pulsars, including right ascension, declination, barycentric period, period derivative, dispersion measure,
with the 1o uncertainty given in brackets, together with the epoch for the period, data span, and weighted rms residuals. For each pulsar, previously published
parameters in the literature are given in the first line, and our new measurements are given in the second line for every pulsar. For comparison with previously

published parameters, our timing solutions are presented in TDB units.

Name Ref. RA Dec. P P DM Epoch Span Wi
(hh:mm:ss) (dd:mm:ss) (s) (107P ss7h (ecm™3pc) (MJD) (yr) (ms)
J1852—0000 [1] 18:52:40.167(9) —00:00:25.5(3) 1.92066632921(2) 251.9666(3) 593(1) 58205.0 5.7
This work 18:52:40.15(1) —00:00:26.3(7) 1.92068580196(3) 251.933(1) 593.1(3) 59403.0 3.74 0.523
J18524-0008*  [2] 18:52:42.78(3) 400:08:09.6(8) 0.467894113075(20) 5.679(7) 254.9(18) 52584.0 1.50
This work 18:52:42.802(2) +00:08:09.6(1) 0.4678973753676(9) 5.68435(6) 255.40(6) 59228.0 2.78 0.174
J18534-0029* [1] 18:53:17.745(17) +00:29:23.8(7) 1.8767576226(3) 2.431(2) 232(4) 57826.0 3.5
This work 18:53:17.783(4) +00:29:22.1(4) 1.87675787185(1) 2.428(2) 227.39(8) 59013.0 1.60 0.208
J1858+0241* 2] 18:58:53.81(14) +02:41:38(6) 4.6932329333(12) 24.32(9) 336(15) 52111.0 2.31
This work  18:58:53.81(2) +02:41:37.5(5) 4.69324828044(5) 24.274(6) 325.9(5) 504250 288  0.794
J19014-0320* 2] 19:01:03.01(9) +03:20:18(4) 0.63658447822(8) 0.52(3) 393(7) 52503.0 1.22
This work 19:01:03.082(6) +03:20:17.5(2) 0.63658476124(1) 0.5096(4) 394.8(3) 59428.0 2.87 0.296
J190140510F  [2] 19:01:57.85(11) 405:10:34(4) 0.61475669408(12) 31.10(4) 429(7) 526180 115
This work 19:01:57.90(5) +05:10:36.5(7) 0.61477450398(2) 31.113(2) 435.5(2) 59243.0 1.91 0.618
J1905+4-0600* 2] 19:05:04.35(5) +06:00:59.9(14) 0.441209731966(18) 1.1123(10) 730.1(19) 52048.0 3.17
This work  19:05:04.3352(8) 406:01:00.65(2) 0.4412104290545(3) 1.10719(2) 728.44(3) 593950 272 0.074
J190540902* [31,[4] 19:05:19.535(2) +09:02:32.49(8) 0.2182529126846(9) 3.49853(8) 433.4(1) 54570.0
This work 19:05:19.5414(8) +09:02:32.39(2) 0.2182543240059(3) 3.499036(9) 433.497(7) 59355.0 3.35 0.042
J19064-0649* [2] 19:06:11.97(3) +06:49:48.1(10) 1.28656437956(10) 0.152(5) 249(4) 52317.0 2.80
This work 19:06:12.003(2) +06:49:48.5(2) 1.286564468927(6) 0.1498(4) 250.16(9) 59200.0 2.47 0.292
J1927+1852F  [SL[61,[7]  19:27:10.422(8) +18:52:08.5(2) 0.482766273821(7) 0.116(1) 264.5(4) 51600.0
This work 19:27:10.414(5) +18:52:08.62(9) 0.482766349761(2) 0.11606(6) 264.66(6) 59310.0 4.05 0.190
J19304-1408 [11,[8] 19:30:18.9526(18) +14:08:55.39(5) 0.425720327378(5) 0.00190(1) 210.87(13) 56885.0 8.6
This work  19:30:18.949(5) +14:08:55.3(1) 0.425720327769(1) 0.00194(9) 212.11(9) 593880 317 0227
J1936+4-2042 [11,[8] 19:36:27.42(2) +20:42:04.5(4) 1.39072342303(15) 49.3744(14) 197.4(5) 56065.0 5.8
This work 19:36:28.702(1) +20:41:26.62(3) 1.390726665137(2) 5.2926(1) 195.11(3) 59441.0 2.96 0.080
7195442923 [9],(10] 19:54:22.554(2) 429:23:17.29(4) 0.4266767865302(4) 0.001711(3) 7.932(7) 487190 214
This work 19:54:22.5107(4) +29:23:16.15(1) 0.4266767880541(2) 0.001663(6) 7.932(7) 59336.0 4.25 0.040

Notes.*Pulsars with improved parameters. References: [1] Parent et al. (2022); [2] Hobbs et al. (2004a); [3] Cordes et al. (2006); [4] Nice et al. (2013); [5] Hulse & Taylor (1975); [6]

Lorimer, Camilo & Xilouris (2002); [7] Han et al. (2021); [8] Lazarus et al. (2015); [9] Davies, Large & Pickwick (1970); [10] Hobbs et al. (2004b).

new timing solutions as presented in Table 1, including precise
coordinates in right ascension and declination, barycentric periods,
period derivatives, and DMs. Also listed in Table 1 are the epoch for
the period, the data span, and the weighted rms residual.

For example, PSR J1905+0600 is a 0.468-s pulsar, and its
discovery and timing solutions were reported by Hobbs et al. (2004a).
During the GPPS Survey and follow-up observations, this pulsar
was detected by chance many timesin a span of 2.72 yr. We finally
obtained 40 TOAs. By using the official ephemeris given in Hobbs
et al. (2004a), we obtained the residuals shown in Fig. 2(a), which
indicates that further improvements on the ephemeris are desired.
We then fitted FO, F1, and the position in turn, and finally obtained
reasonable residuals, as shown in Fig. 2(d). The plots for post-fit
residuals of these 13 known pulsars are shown in Fig. 3.

Among these 13 known pulsars, the ephemerides in Table 1 have
been improved for nine pulsars, PSRs J18524-0008, J1853+4-0029,
J1858+0241,  J1901+40320,  J190140510,  J19054-0600,
J19054-0902, J19064-0649, and J19274-1852, compared with
those in the literature. The ephemerides of three pulsars, PSRs
J1852—0000, J1930+1408 and J1954+2923, are consistent with
previous ones in the references. Owing to the proper motion in
J1954+2923, the position we obtained is slightly different from that
in the reference.

The most remarkable difference is found for the ephemeris of
PSR J1936+4-2042. This pulsar was discovered by Lazarus et al.
(2015) in the Arecibo survey, and its timing solution was recently
published by Parent et al. (2022). Using our FAST data, we obtained
the best-fitting phase-coherent timing solution (see Table 1 and Fig.
3), which is significantly different for the period derivative and also
the declination. In principle, such a large difference of the period

MNRAS 526, 2645-2656 (2023)
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Figure 2. An example of pulsar timing analysis for a known pulsar, PSR
J1905+0600. The panels show the residuals obtained by using (a) the
published ephemeris in Hobbs et al. (2004a), (b) a new fitting for FO, (c)
a new fitting for FO and F1, (d) a new fitting for FO and F1, and also the
position.
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Figure 3. Post-fit timing residuals for 13 known pulsars measured by FAST after re-fitting a new timing model given in Table 1. To make the the reduced x>

~ 1, TOA uncertainties have been scaled by a factor termed EFAC.

derivative may be caused by glitches, but it is hard to have such a
large-magnitude difference (49.4 x 1075 ss71t05.3 x 107 ss7).
However, note that timing data for this pulsar in fig. 3 of Parent et al.
(2022) are observed mostly in the second half of 2014, with very few
data outside this date span, and the position is not well constrained by
their data; therefore, it is understandable that an offset of 38 arcsec is
obtained from our FAST determination. More timing data are needed
to confirm our new ephemeris.

3.2 Timing results for 30 GPPS pulsars

Since the discovery of these 30 GPPS pulsars, we have observed
them either in targeted follow-up observations or in other survey
observations by chance. We obtained TOAs from some beams of
these observations and obtained the timing solutions as presented
in Table 2. Their positions are determined to be accurate with an
uncertainty of less than 1 arcsec (or a few milliarcseconds for a
MSP), verifying that the coarse positions previously obtained by
FAST pointings are good enough for the follow-up studies. Based on
the newly measured pulsar period and period derivatives, we derive
the characteristic age, surface magnetic field strength, and spin-down
luminosity of these pulsars. Post-fit timing residuals after the model
fittings for these 30 newly discovered pulsars are shown in Fig. 4.
The residuals for most of these isolated pulsars are white-noise-like,
indicating a good fit with the basic timing parameters. No glitch or
timing noise was detected owing to the small observational time span

and the fact that these pulsars are not young. Some TOAs exhibit large
uncertainties owing to the low S/N, caused by a short observation
duration for a faint pulsar or by a large offset of the pulsar in a FAST
beam.

Fig. 5 illustrates the positions of these 30 pulsars in the P-P
diagram, together with 13 previously known pulsars with new timing
results. Notably, PSR J19044-0853 is a MSP, and PSR J1906+-0757
is found to be an aged pulsar near the death line. A long-period
pulsar, PSR J1856+0211, with a spin period of approximately 10 s,
is not a magnetar but a normal pulsar, even though it is below the
death lines in Fig. 5.

3.2.1 An isolated millisecond pulsar: PSR J19044-0853

PSR J19044-0853 is a MSP with a period of 6.2 ms and a period
derivative of 1.009 x 10~2° s s7!. It has a relatively broad pulse
profile, and the duration of each observation is short, resulting in
a 7-us rms residual. Its TOAs are well modelled by the basic
timing model, and the residuals are noise-like, indicating that PSR
J19044-0853 is an isolated MSP.

One possible formation scenario for such an isolated MSP not
in a globular cluster is that the companion was ablated by the
wind from the MSP, as is happening in PSR B19574-20 (Fruchter,
Stinebring & Taylor 1988). However, some recent studies show that
the evaporation time-scale is too long to produce these isolated MSPs
within the Hubble time (Chen et al. 2013; Lii et al. 2017), and many
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Figure 4. Post-fit timing residuals with phase-connected timing solutions in Table 2 for 30 pulsars newly discovered in the FAST GPPS Survey. The TOA
uncertainties have been scaled by EFAC so that the reduced y2 ~ 1. The red dot indicates one TOA obtained from FAST open archival data: the list of FAST
open archival data can be found at the website https://fast.bao.ac.cn/cms/article/125/.
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Figure 5. P-P diagram for pulsars based on data from the ATNF catalogue
(grey points) and on new data in this paper: blue crosses denote the 13
previously known pulsars, and red stars denote pulsars newly discovered in
the GPPS Survey. The dashed and dotted light grey lines in the background
indicate constant surface magnetic field strengths and characteristic ages,
respectively. The solid black line represents the death line from Chen &
Ruderman (1993), and the dashed green and purple lines represent the death
lines from equations (4) and (9) of Zhang, Harding & Muslimov (2000),
corresponding to curvature radiation from the vacuum gap model and the
space-charge-limited flow model.

novel mechanisms have been proposed (Portegies Zwart et al. 2011;
Nurmamat et al. 2019; Jiang et al. 2020). The formation mechanism
of isolated MSPs remains an unsolved problem.

3.2.2 A disrupted recycled pulsar: PSR J1906+0757

PSR J19064-0757 has a period of 57 ms, and could be a young pulsar
or an old pulsar. With many new TOAs for this pulsar, we obtain the
period derivative of 1.16 x 107!° s s7!, indicating that it is an old
pulsar, with a characteristic age of 7.8 x 10° yr and surface magnetic
field of 2.6 x 10° G.

Such a weakly magnetized isolated pulsar seems to be an
example of a disrupted recycled pulsar (Lorimer et al. 2004).
In high-mass X-ray binary systems, after the neutron star has
accreted matter from the companion, its spin rate increases, and
the magnetic fields are buried out. Thereafter, the binary system
is disrupted in the following supernova explosion, and the recycled
pulsar becomes isolated. Typically, such isolated pulsars (Belczynski
et al. 2010) have a spin period in the range 20-100 ms and a
magnetic field weaker than 3 x 10'© G. The parameters of PSR
J1906+4-0757 are consistent with such expectations. However, some
neutron stars are born with weak magnetic fields as anti-magnetars
(Halpern & Gotthelf 2010; Gotthelf, Halpern & Alford 2013).
Therefore it is hard to figure out the origin of such an isolated
pulsar.

MNRAS 526, 2645-2656 (2023)

3.2.3 A long-period pulsar: PSR J1856+0211

PSR J1856+0211 has a spin period of 9.89 s and it could be a
magnetar if the period derivative is large. With FAST observations,
we obtained the period derivative of 7.8 x 10~'* s 57!, which implies
a characteristic age of 201 Myr, a surface magnetic field strength of
2.8 x 10'? G, and a spin-down luminosity of 3.2 x 102 ergs™!.
Obviously, it is not a magnetar but a very old pulsar that is
located below the conventional death line, which poses a significant
challenge to death-line models.

4 SUMMARY AND DISCUSSION

In summary, we collected FAST observations of pulsars and found
that pulsar data from any beams of the FAST L-band 19-beam
receivers can be used together for timing analysis. We obtained
phase-coherent solutions for 13 previously known pulsars and 30
pulsars newly discovered in the GPPS Survey. The basic timing
models, including pulsar position, spin period, period derivative, and
DM, provide a good fit to the FAST-measured TOAs. Several pulsars,
including PSR J1856-+0211 with a spin period of 9.89 s, have a very
low period derivative, putting them near the death line.

The pulsar death line is the theoretical limit below which pulsars
are unable to produce radio emission owing to insufficient conditions
for pair production. The conventional death valley model defined
by Chen & Ruderman (1993) is based on the vacuum gap model
(Ruderman & Sutherland 1975). If a gap above the polar cap area
cannot be formed, for a pure dipole magnetic field or the highly
curved field lines in a complicated magnetic structure, then a pulsar
cannot have particles for radiation. Recent simulations (e.g. Chen,
Cruz & Spitkovsky 2020; Philippov, Timokhin & Spitkovsky 2020;
Bransgrove, Beloborodov & Levin 2022) show that the ‘gap’ can be
formed in the form of either a vacuum gap (Ruderman & Sutherland
1975) or space-charge-limited flow (Arons & Scharlemann 1979),
or even in the outer magnetosphere beyond the null-charge surface
(Cheng, Ho & Ruderman 1986) or in the annular region (Qiao et al.
2004) extending from the surface to the outer magnetosphere in
the form of a slot gap (Muslimov & Harding 2004). Pulsar radio
emission can be coherently produced by a bunch of particles, as
indicated by the extremely high brightness temperature. Different
emission models therefore correspond to different locations of the
death line. At least three pulsars in our sample are located near or
even below the death lines, and hence can place strong constraints
on death-line models (see Fig. 5).

To date, more than 600 pulsars have been discovered in the
GPPS Survey,’ but only the 30 pulsars considered here have timing
solutions. A vast number of new pulsars are waiting for timing,
including 140 MSPs. For 28 pulsars in the period range of 30—100 ms,
we are timing them to distinguish among young pulsars, pulsars in
binary systems, and disrupted recycled pulsars. The timings of long-
period pulsars are needed in order to distinguish old pulsars from
magnetars.

As a byproduct, after the phase-coherent timing solution is
obtained, all FAST observations can be added together to give the
best pulsar profiles. The total intensity profiles of 13 previously
known pulsars and 11 newly discovered pulsars in the GPPS Survey
are shown in Fig. 6. Note that PSR J1849+0010 exhibits a weak
interpulse component, suggesting that its rotation axis is nearly

"http://zmtt.bao.ac.cn/GPPS/
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Figure 6. Total intensity profiles for 13 previously known pulsars and 11 newly discovered pulsars in the GPPS Survey, obtained by adding data from a number

of FAST observations based on the phase-coherent timing solutions. They are the highest-quality profiles ever achieved.
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Figure 7. Polarization profiles of 19 pulsars discovered in the GPPS Survey. Solid black lines, dashed red lines, and dotted blue lines indicate intensity profiles,
linear polarization, and circular polarization, respectively. The polarization position angle curve is displayed in the top panel of each plot.

perpendicular to the magnetic axis. Profiles of PSRs J1850—0002 and
J18574-0214 have remarkable long tails owing to scatter broadening.

For the other 19 newly discovered pulsars in the GPPS
Survey, a number of follow-up observations have been made
with the polarization data recorded. Based on the phase-coherent
timing solutions, we add all polarization data together to obtain
their integrated polarization profiles, as shown in Fig. 7. The
polarization properties obtained from these FAST observations
are given in Table 3, including the pulse width at 50 percent
and 10 percent peak intensities, the degrees of linear, circular,
and absolute circular polarization, and RMs obtained from data
of different sessions. Polarization profiles of seven pulsars were
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obtained for the first time. Polarization profiles of 12 pulsars
(PSRs J1849—-0013, J1850—0020, J185240018, J1852—0024,
J1855+0234,  J1856+0211,  J1903+4-0851, J1905+0656,
J1905+0758, J1905+0935, J1926+1631 and J2017+42819)
have been previously reported by Wang et al. (2023), but from only
one observation session. Significant improvements of profiles with
a much better S/N are achieved here by adding data of multiple
sessions together.

Polarization profiles of PSRs J1852+0018, J1852—0039,
J1853+0014, J1856+0211, and J19044-0853 have highly linearly
polarized components. The polarization profile of PSR J1856+0211
has an unusually highly circularly polarized component. Orthog-
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onal polarization modes are detected for PSRs J1852—0039,
J1903+4-0845, and J1905+-0758. The profiles of PSRs J1849—-0013
and J18524-0018 have long tails caused by interstellar scattering, and
their polarization position angle curves are flattened out at the tail
part, as discussed by Li & Han (2003). A detailed study of scattering
profiles observed by the GPPS Survey is presented in Jing et al. (in
preparation).

The flux densities of all 30 GPPS pulsars listed in Table 2 are
estimated from the total intensity profiles, as in Han et al. (2021).
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