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Abstract

Magnetars are slowly rotating, highly magnetized young neutron stars that can show transient radio phenomena for
radio pulses and fast radio bursts. We conducted radio observations from two magnetars SGR J1935+2154 and
3XMM J185246.6+003317 and a high-magnetic field pulsar PSR J1846-0258 using the Five-hundred-meter
Aperture Spherical radio Telescope (FAST). We performed single pulse and periodicity searches and did not detect
radio signals from them. From the piggyback data recorded by other FAST telescope beams when we observed the
magnetar SGR 193542154, we serendipitously discovered a new radio pulsar, PSR J1935+2200. We carried out
the follow-up observations and obtained the timing solution based on these new observations and the archive
FAST data. PSR J1935+4-2200 is an isolated old pulsar, with a spin period of 0.91 s, a spin-period derivative of
9.19 x 10 " ss !, and a characteristic age of 1.57 Myr. It is a weak pulsar with a flux density of 9.8 zJy at
1.25 GHz. Discovery of a new pulsar from the long FAST observations of 30 minutes implies that there may be
more weak older pulsars in the Galactic disk to be discovered.
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1 Introduction

Magnetars are slowly rotating young neutron stars with
super-strong magnetic fields (B > 10'*G) (Mereghetti et al.
2015; Kaspi & Beloborodov 2017), which are known for their
widely diverse X-ray activities, such as short bursts, sustained
outbursts, burst storms and Giant Flares (Rea et al. 2010). The
energy associated with such activities can be interpreted as the
decay of the magnetic field (Duncan & Thompson 1992). Up to
now, only six of nearly 30 magnetars have radio emission
detected,4 namely, 1E 1547.0—5408, SwiftJ1818.0—1607,
SGR 1745-2900, PSR J1622—-4950, XTEJ1810—197 and
SGR 193542154 (Olausen & Kaspi 2014). Radio emission
from magnetars is often temporally associated with X-ray
outbursts (Camilo et al. 2006, 2007). Radio pulses from
magnetars have a strong variability in flux density and also
profile shape compared to rotating powered pulsars (Camilo
et al. 2007; Kramer et al. 2007; Levin et al. 2010; Kirsten et al.
2021), which is possibly caused by untwisting of the dynamic
magnetosphere. In addition, the averaged pulse profiles and
single pulses often have highly linear polarization (Lower et al.

4 http: / /www.physics.mcgill.ca/ pulsar/magnetar/main.html

2020). The radio spectrum tends to be flat or inverted (Camilo
et al. 2007).

SGR 193542154 was discovered in 2014 July by Swift/
BAT via its X-ray short bursts (Stamatikos et al. 2014). Its
position is associated with SNR G57.24-0.8 (Gaensler 2014),
which corresponds to a distance in the range of 6.6-12.5 kpc
(Sun et al. 2011; Zhong et al. 2020; Zhou et al. 2020; Kirsten
et al. 2021). Subsequent observations by Chandra and XMM-
Newton Telescopes have revealed the continuous X-ray
counterpart of SGR 193542154 with a period of P=3.24s,
a spin-down rate of P = 1.43 x 10-''ss™', which corre-
sponds to a characteristic age of 3.6 kyr and a dipolar magnetic
field of B = 2.2 x 10'* G (Israel et al. 2016). On 2020 April
28, the Canadian Hydrogen Intensity Mapping Experiment
(CHIME) detected the millisecond duration radio burst (FRB)
20200428 associated with an X-ray burst from the SGR 1935
+2154 (CHIME/FRB Collaboration et al. 2020; Li et al.
2021), which proved the link between FRBs and magnetars.
Follow-up observations reveal the activity of radio emission
from SGR 1935+2154 (Kirsten et al. 2021; Hu et al. 2024).
Five-hundred-meter Aperture Spherical radio Telescope
(FAST, Nan 2006; Nan et al. 2011) also detected the radio
pulse radiating from SGR 193542154 (Zhu et al. 2023). Many
open questions remain about the connection between X-ray
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bursts, pulsar-like radio emissions, and FRBs and their physical
origin.

PSR J1846-0258 is a young, highly magnetic pulsar
exhibiting magnetar-like X-ray bursts, making it an intermedi-
ate object between magnetars and radio pulsars (Gavriil et al.
2008). PSR 1J846—0258 is probably a high magnetic field
pulsar located at the center of the SNR Kes75 at a distance of
5.8 kpc (Leahy & Tian 2008), and has been historically radio-
quiet. X-ray observations show a pulsation period of
P=0.324s, a dipole magnetic field of B = 4.9 x 10" G,
and a characteristic age of 723 yr. Between May and June of
2020, Swift/BAT and NICER detected the source experiencing
another magnetic-like X-ray burst (Krimm et al. 2020;
Sathyaprakash et al. 2024). No radio pulses were detected by
follow-up observations (Majid et al. 2020), though it is
probably a rotation-powered pulsar most of the time.

3XMM J185246.6+003317 (hereafter 3XMM J1852+0033)
is a low magnetic field magnetar discovered by Zhou et al.
(2014) by using the XMM-Newton data, and it is located near
SNR Kes79 and a distance of 7.1 kpc (Rea et al. 2014). A
search of the XMM-Newton archive shows that it experienced
intense X-ray activity between 2008 and 2009. 3XMM J1852
40033 has a spin period of P=11.56s and a spin-down rate
P <14 x 10°8Bss™", which implies a characteristic age of
7> 1.3 Myr and a dipolar magnetic field of B < 4.1 x 10"° G
(Rea et al. 2014). No further outbursts have been reported and
no radio signals have been detected so far.

The FAST (Nan 2006; Nan et al. 2011) is currently the
most sensitive telescope in the world (Jiang et al. 2020) and
is also a powerful tool for searching for radio signals from
magnetars and faint pulsars. Although the sky areas where
these magnetars are located have been searched for pulsars
many times by many radio telescopes, the super-sensitive
FAST could still find weak pulsars given the longer time of
tracking observations. The weak pulsars are fundamental for
the lower end of the pulsar luminosity function, and
potentially important for our understanding of extreme
objects in the universe and stellar evolution if they are in
binary system.

Previously, radio signals from SGR J1935+2154 have been
successfully detected, and prompted many follow-up observa-
tions (Good & Chime /Frb Collaboration 2020; Lin et al. 2020;
Zhang et al. 2020; Bailes et al. 2021; Kirsten et al. 2021; Tang
et al. 2021; Lu et al. 2024). We are motivated to conduct radio
observations from two magnetars and a high-magnetic field
pulsar  (SGRJ1935+2154, 3XMMJ18524+0033  and
PSR J1846-0258) by using FAST mainly for possible radio
signals or get a strict upper limit on the flux density. We
describe the observations and data processing in Section 2.
Section 3 presents the results and we discuss and summarize in
Section 4.
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2. FAST Observations and Data Reduction

We carried out observations of SGRJ1935+2154,
PSR J1846-0258 and 3XMM J1852+4-0033 using FAST (pro-
ject PT2023_0176, PI: Lang Xie) in the four sessions: (i) 2024
February 21 9:16:00 to 9:36:00 UTC for PSR J1846-0258; (ii)
2024 April 8 6:20:00 to 6:40:00 UTC for PSR J1846-0258;
(iii) 2024 April 8 6:52:00 to 7:02:00 UTC for 3XMM J1852
+0033; (iv); 2024 April 8 7:14:00 to 7:44:00 UTC for
SGR J1935+2154. All observations were performed in the
tracking mode with data from the L-band 19-beam receiver
recorded in the pulsar search format. The receiver covers the
frequency range of 1.0-1.5 GHz with 2048 frequency channels.
For each channel, the data of four polarization channels of XX,
YY, Re[X"Y] and Im[X Y] have been recorded in fits files with a
sampling time of 49.152 us. At the beginning of each
observation session, the calibration signals with a 1K
equivalent white noise and a 2 s period are injected into the
feed, and the data are recorded for system calibration. The three
sources are tracked by using the FAST L-band central beam.
During observations, the data from the other 18 beams are also
recorded.

We search for radio pulses using the PRESTO module
(Ransom 2011) and the single-pulse search module (Zhou et al.
2023), both of which have been used for the Galactic Plane
Pulsar Snapshot (GPPS) survey (Han et al. 2021, 2025). Data
processing includes the following steps: (1) Use rfifind to detect
radio frequency interference (RFI) and then create a mask file
to exclude data contaminated by RFIL (2) De-dispersed data
from all frequency channels using prepsubband based on the
estimated DM values. (3) Search for periodic signals is
performed using accelsearch. (4) Confirm candidates and fold
data using prepfold.

Based on the timing results of X-ray observations, we can
obtain the initial positions and periods of the three sources. We
use the rfifind to search for RFI and create the mask. We
perform the standard dedispersion procedure as done in the
FAST GPPS survey (Han et al. 2021), with fine DM steps of
0.1, 0.15, 03, 0.5 pc cm > in the DM range of
5-1350 pccm . Subsequently, we performed a periodic
search of the observations of these two magnetars and a
high-magnetic field pulsar using the derived spin periods.

In addition, the single pulse search module is used to search
for radio pulses (Zhou et al. 2023). First, we de-disperse the
data between 3 and 1000 pc cm > with a step size of 1 pccm >,
and then generate DM-time images with every 4 s of data. Then
we search for salient points in the images of DM-time using the
YOLO target detection technology developed in the Darknet
neural network framework (Bochkovskiy et al. 2020). Finally,
we use artificial intelligence (AI) technology to quickly identify
individual pulses, and perform period finding for the collected
pulses.
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Table 1

Flux Density Limits of the Periodicity Search and Single Pulse Search of Three Sources
ObjCCt P P B DM FAST Obs. Date Tnhs Speriodic Ssing]e

) (107""ss7h (10" G) (pc em ™) (yyyymmdd) ®) (1Jy) (mly)
SGR J1935+2154 3.24 1.43 22 293.69 20240408 1800 1.7 16.5
PSR J1846-0258 0.324 0.7 0.49 317.51 20240221 1200 2.1 17.0

20240408 1200

3XMM J185246.6+003317 11.56 <0.014 <0.41 441.46 20240408 600 29 18.9

Note. DM values are estimated by using the Galactic electron density model NE2001 (Cordes & Lazio 2002). Speriodic and Singular are the 7o for periodicity and single

pulse search, respectively.

3. Results

Pulse searches have null results for two magnetars and one
high-magnetic-field pulsar by using both the period folding and
the single pulse search module, with a signal-to-noise ratio
threshold of S/N > 7. But a new radio pulsar was discovered
serendipitously in the MO7 beam when we observed
SGR J1935+2154.

3.1. Upper Limits of Flux Densities

No radio bursts from three sources are detected by FAST,
which suggests the upper limits on the flux densities of three
sources for radio radiation in their normal state. We can derive
an upper limit on the flux density of the pulsar periodicity
search based on the modified radiometric equations (Lorimer &
Kramer 2004)

(S/N)min Y;ys W)bs

(1
W Tobs P — VVobs

N periodic =

where the system noise temperature is Ty, = 22 K (Jiang et al.
2020), the effective gain of the telescope is G = 16.1 KJy !,
the frequency bandwidth is BW = 437.5 MHz (after interference
is removed), the number of polarization channels is n, = 2, the
integration time is #,,s and the observed pulse width W, can be
estimated by W, = \/ Weiinsic + ton + 72 + At3,,, here
Winuinsic 18 intrinsic pulse width, #,;, is the sampling time, 7y is
the scattering timescale and At,,, is the dispersion time inside
one frequency channel. Assuming a pulsar duty cycle of 0.03
and taking the minimum detection threshold S/N = 7, our non-
detection of signals sets flux density limits of periodicity
searches for two magnetars and a high-magnetic field pulsar
given in Table 1.

For a single pulse search, the sensitivity limit of the flux
density can be described as:

W, (S/N)min T5
Ssingle = obs — (2)

Wintrinsic Go - \p BW - Wobs .

Assuming that the intrinsic width of the pulse is 1 ms, one can
get the upper limits of 7o for the flux densities of from two
magnetars and a high-magnetic field pulsar as listed in Table 1.

3.2. Serendipitous Discovery

A new radio pulsar PSR J1935+2200 was serendipitously
discovered when we observed the magnetar SGR 193542154
on 2024 April 8 using the FAST. The pulsar stands out in the
periodical pulse search in M07 beam. Re-processing of the
released archived FAST data on the same position confirmed
the detection of the pulsar (see Table 2).

After the initial detection of the pulsar, we conducted two
follow-up observations. The data were de-dispersed by using
the best DM values obtained earlier and then folded. PSR
J1935+2200 can be found by using the DSPSR software
package (van Straten & Bailes 2011). We use the PSRCHIVE
to remove the frequency channels affected by RFI (Hotan et al.
2004), integrate data from all frequency channels, and then use
PAAS to create a noise-free standard profile template to
determine the time of arrival (TOA).

By using all FAST data listed in Table 2, newly observed
and previously archived, we obtained the phase-coherent
timing solution of this pulsar given in Table 3, and the
polarization profiles given in Figure 1. The timing residuals are
shown in Figure 2. PSR J1935+2200 has a period of 0.91 s and
a period derivative of 9.19 x 10~ ' ss™', which corresponds to
a characteristic age of 1.57 Myr, a surface magnetic field
strength of 2.93 x 10'*G, and a spin decay luminosity of
1.83 x 10*ergs™'. It is a slightly old pulsar as indicated by
the characteristic age. Based on currently limited timing data,
we conclude that it is an isolated pulsar, otherwise, it must be in
a binary system with an extremely long orbit period or an
extremely light companion, which we could not measure from
currently available timing data.

With the high time resolution of FAST, we can determine the
optimal DM value to be 293.68(2) pc cm >. The distance of
this pulsar is estimated to be 8.8 or 9.0 kpc according to the
Galactic electron density distribution models, NE2001 and
YMW16 (Cordes & Lazio 2002; Yao et al. 2017).

Because we have the 4-polarization channel data, we follow
the procedures of Wang et al. (2023) and obtained the
polarization profile of PSR J19354-2200, as shown in Figure 1.
Polarization was calibrated using using PAM in the PSRCHIVE
software (Hotan et al. 2004). We measured pulse-averaged flux
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Table 2
FAST Observations of PSR J1935+2200

Obs. Date FAST Beam Name Tobs Beam Offset
(yyyymmdd) (s) (arcmin)
20191106 SGR 1935+2154: M07 10,800 1.5
20191107 SGR 19354-2154: M07 10,800 1.5
20200430 SGR J1935+4-2154: MO7 3840 1.5
20200501 SGR J1935+4-2154: MO7 3840 1.5
20200507 SGR J1935+4-2154: MO7 3600 1.5
20200508 SGR J1935+4-2154: MO7 5400 1.5
20200509 SGR J1935+4-2154: MO7 5400 1.5
20200513 SGR J1935+4-2154: MO7 4200 1.5
20200515 SGR J1935+4-2154: MO7 5400 1.5
20200517 SGR J1935+2154: M07 5400 1.5
20201204 G57.25+0.93: P2M09 300 1.5
20240408 SGR 19354-2154: M0O7 1800 1.5
20240714 J193508+215846: MO1 600 1.5
20240917 J193506+J220016: MO1 900 0.0
Note. Data obtained before 20240408 are Released Archive Data.
Table 3
Observation Parameters and Measured and Derived Parameters for
PSR J1935+4-2200
Parameters Values
Timing span (MJD) 58793-60570
Solar system ephemeris model DE436
Time units TCB
Number of TOAs 28
Epoch of timing solution (MJD) 59808.0000
Clock correction procedure TT(TAI)
R.A., o000 19"35™063983(5)
decl., 652000 22°00' 157947(6)
Galactic longitude (deg) 57.70435
Galactic latitude (deg) 0.45317
Spin period (s) 0.912005933(1)
Spin period derivative (107" ss™ ") 9.19483(1)
Weighted post-fit residual (ys) 392.403

Characteristic age (Myr) 1.57

Surface dipole magnetic field strength (G) 293 x 10
Spin-down luminosity (erg s ') 1.83 x 10>
Dispersion Measure, DM (pc cm ) 293.68(2)
DM distance (kpc for NE2000/YMW16) 8.8/9.0
Rotation Measure, RM (rad m?) 254(3)
Flux density (uJy at 1250 MHz) 9.8(6)
Spectral index of flux density —2.1(6)

Note. The uncertainties of the measured parameters are given in brackets
for lo.

density of 9.8(6) nJy at a center frequency of 1250 MHz, as
shown in Figure 3 and also the spectral index v = 2.1(6) from the
flux densities of four subbands.

4. Discussion and Conclusion

We searched for radio periodic signals and single pulses
from two magnetars and one high-magnetic-field pulsar with

Xie et al.
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Figure 1. Polarization profile of PSR J1935+2200. The total intensity (solid
line), linear polarization (dashed line), and circular polarization (dotted line) are
shown in the lower subpanel with a box indication for +1c¢ and bin size, and
polarization angles are shown in the upper subpanel.
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Figure 2. The post-fit timing residuals of PSR J1935+2200 for the phase-

connected timing solution.

FAST, and did not detect radio pulses with dispersive features
and signal-to-noise ratios of S/N > 7. The observations
provide the upper limit on the flux density for single pulse and
periodicity searches of the three sources. Previously, Zhang
et al. (2020) captured a radio event from SGR 1935+2154 on
2020 April 30 using FAST with a fluence of 51(2) mJy ms.
Kirsten et al. (2021) detected two moderately bright radio
bursts by using the Westerbork telescope on 2020 May 24 with
fluxes of 112(22) Jy ms and 24(5) Jy ms (22), respectively. Lin
et al. (2020) used FAST to observe SGR 193542154 for 8 hr
and gave an upper limit of the radio flux as 22 mJy ms, which is
close to our result.
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Figure 3. Flux densities of PSR J193542200 in the 4 subbands in the
frequency range of 1.0-1.5 GHz observed by FAST and the best fitting for the

power-law index v for S,~v” . The +1o uncertainties are given for flux
densities and the confidence level of the fitting in the shadow area.

Radio bursts from magnetars are relatively rare transient
phenomena. Two main hypotheses have been proposed
regarding the mechanism of radio emission from magnetars.
One is similar to the traditional model of pulsar radio emission
and suggests that the radio emission arises from the outflow of
highly relativistic particles from the polar cap region of the
magnetosphere (Ruderman & Sutherland 1975; Arons &
Scharlemann 1979; Cheng et al. 1986). The other holds that
the radio emission originates from the J-bundle in the closed
magnetosphere, which maintains fluctuations in the net charge
through a process of untwisting of the magnetic lines, thus
providing conditions for particle acceleration and radio-
coherent radiation (Duncan & Thompson 1992; Beloboro-
dov 2009; Wang et al. 2019). Radio pulses from two magnetars
and a high-magnetic field pulsar were not detected by FAST,
which provides important constraints on the physical mechan-
isms by which magnetars produce radio bursts. Based on the
two types of radio emission models described above, we
suggest that a variety of factors may work together to quench
radio emission from most magnetars. The first possibility is that
the magnetar may be in an X-ray quiescence and cannot fulfill
the conditions for the formation of a J-bundle. The second
possibility is that the magnetar is unable to produce a large
number of electron-positron pairs in some special cases. Some
studies have shown that if the strength of the magnetic field
exceeds the quantum critical field, the vy QED processes
would be strongly suppressed (Daugherty & Harding 1996;
Hibschman & Arons 2001), which largely leads to the “radio-
quiet.” The last possibility is that the magnetar's radio beams
are more collimated than the high-energy jets, and most of
them do not pass through the Earth.

Xie et al.

We report the discovery of a new radio pulsar, PSR J1935
42200, and obtain timing solutions based on previously
available and newly conducted observations by FAST. We find
that PSR J19354-2200 is an isolated old pulsar with a spin
period of 091s and a spin period derivative of
9.19 x 10" '"ss™'. Using the high temporal resolution of
FAST, we can determine the optimal DM value of
293.68(2) pc cm >, The measured DM values indicate dis-
tances of 8.8 and 9.0 kpc for PSR J1935+2200 according to the
NE2001 and YMW16 models, respectively. We searched the
archived images from the Swift, Chandra, and XMM-Newton
telescopes and found no X-ray or optical counterpart of this
object. This pulsar was shown up by FAST integration of
30 minutes but was missed in the survey due to the beam offset,
suggesting that there may be more old pulsars with weak radio
emission in the Milky Way disk to discover.
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