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Abstract

Pulsar timing of double neutron star (DNS) systems is one of the best methodologies to study the neutron star
mass distribution. Here we report the discovery of a DNS system PSR J0641+0448 in the Five-hundred-meter
Aperture Spherical radio Telescope (FAST) Galactic Plane Pulsar Snapshot survey. This pulsar has a 25.7 ms spin
period and moves in a 3.73 day eccentric orbit with an eccentricity of 0.145. Using FAST observations, we
obtained its phase-connected timing solution with periastron advance and Shapiro delay detected. Using x>
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analysis based on the DDGR model, we constrain the pulsar mass to 1.3197¢ 35 M., and the companion mass to
1.269700%2 M., with a 68.3% confidence level. The low companion mass and mild orbital eccentricity are
consistent with the correlation between neutron masses and orbital eccentricities.

Unified Astronomy Thesaurus concepts: Binary pulsars (153); Relativistic binary stars (1386); Neutron

stars (1108)

1. Introduction

The birth mass distribution of neutron stars represents a
fundamental problem in binary pulsar population synthesis
(T. M. Tauris & E. P. J. van den Heuvel 2023) and carries vital
information about the supernova (SN) explosion mechanism
(O. Pejcha et al. 2012). In binary systems, neutron star masses
can increase through mass transfer processes such as wind
accretion, Roche-lobe overflow, and common envelope
evolution (T. M. Tauris & E. P. J. van den Heuvel 2023).
Most binary pulsars are observed with low-mass companions,
including He white dwarfs and low-mass main-sequence stars
(R. N. Manchester et al. 2005). These systems descend from
low-mass X-ray binaries, in which mass transfer proceeds over
extended timescales, often leading to substantial mass growth
of the pulsar (T. M. Tauris & E. P. J. van den Heuvel 2023).
By contrast, double neutron star (DNS) systems experience
only short-lived mass transfer episodes, yielding minimal
increase in neutron star mass (T. M. Tauris et al. 2017). As a
result, the mass of the first-born neutron star remains close to
its birth value, while the second-born neutron star retains its
original birth mass entirely. Given that, the mass distribution
of Galactic DNS systems has been extensively investigated to
constrain the birth mass distribution of neutron stars (F. Ozel
et al. 2012; F. Ozel & P. Freire 2016; Z.-Q. You et al. 2025).

The potential to determine the masses of the pulsar and its
companion through pulsar timing was recognized immediately
after the discovery of the first DNS system (R. A. Hulse &
J. H. Taylor 1975). These systems exhibit eccentric orbits and
contain massive companions, which significantly facilitate the
detection of relativistic effects. Such relativistic effects are
described using post-Keplerian (PK) parameters (T. Damour &
N. Deruelle 1985, 1986). When two or more PK parameters
Original cor.ltent from this wor.k may be used under the terms
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are measured, the component masses of the system can be
determined within the framework of general relativity
(T. Damour & J. H. Taylor 1992). Three or more PK
parameters enable rigorous tests of gravitational theories, as
demonstrated with exceptional precision in the double pulsar
system PSR J0737-3039A /B (M. Kramer et al. 2021). So far,
approximately 60 neutron stars have accurately measured
masses,” many of which are also members of DNS systems.
Despite that, yet a larger catalog of neutron star mass
measurements remains essential.

Here we report the discovery of a DNS system, J0641
40448, identified by the Five-hundred-meter Aperture Sphe-
rical radio Telescope (FAST; R. Nan 2006; R. Nan et al. 2011)
through its Galactic Plane Pulsar Snapshot (GPPS) survey
(J. L. Han et al. 2021). The GPPS survey aims to discover
pulsars within +10° of the Galactic latitude from the Galactic
plane in the sky visible to FAST and has so far detected over
800 new pulsars (J. L. Han et al. 2021, 2025), including three
DNS systems: PSRs J0528+-3529, J1844-0128, and J1901
40658 (W. Q. Su et al. 2024; P. F. Wang et al. 2025).
PSR J0641+4-0448 is a mildly recycled pulsar with a spin
period P = 25.7ms, moving in a 3.73 day eccentric orbit
(e = 0.145). The mass function implies a minimum companion
mass of 1.28 M., indicating a massive companion and
supporting the classification as a DNS system. Using more
than 600 days of FAST observations, we have obtained a
phase-connected timing solution and constrained the comp-
onent masses of the system.

The structure of this Letter is as follows: Section 2 describes
the discovery and follow-up observations of PSR J0641
40448; Section 3 presents the timing results and mass
measurements; and Section 4 provides a discussion and
conclusion of our findings.

4 https://www3.mpifr-bonn.mpg.de/staff /pfreire /NS_masses.html
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Table 1
Log of FAST Observations of PSR J0641+0448

Obs. Date Cover and Beam Project ID PI Obs, Length
(yyyymmdd) (minutes)
20240516 G207.62+0.00MO5P1 7D2023_2 J.L. Han 5
20240608 J0641334-044835M01 7D2023_2 J.L. Han 15
20240629 J0641334-044835M01 7ZD2023_2 J.L. Han 15
20240811 J0641+0448gMO1 7D2024_2 J.L. Han 5
20250101 J0641+0448gMO1 7ZD2024_2 J.L. Han 10
20250205 J0641+0448gMO1 7D2024_2 J.L. Han 5
20250308 J0641+0448gMO1 7D2024_2 J.L. Han 5
20250612 J0641+0448gMO1 7ZD2024_2 J.L. Han 5
20250812 J0641+0448gMO1 PT2025_0179 C. Wang 5
20250815 J0641+0448gMO1 ZD2025_2 J.L. Han 5
20250822 J0641+0448M01 PT2025_0150 P.F. Wang 11
20250915 J06414-0448M01 PT2025_0150 P.F. Wang 10
20250930 J0641+0448M01 PT2025_0150 P.F. Wang 15
20251014 J0641+4-0448MO01 PT2025_0161 P.F. Wang 10
20251104 J0641+0448M01 PT2025_0161 P.F. Wang 10
20251119 J06414-0448M01 PT2025_0161 P.F. Wang 10
20251205 J0641+0448M01 PT2025_0161 P.F. Wang 4
20251211 J0641+0448gMO1 7ZD2025_2 J.L. Han 10
20251215 J0641+0448gMO1 ZD2025_2 J.L. Han 10
20251217 J0641+0448gMO1 PT2025_0179 C. Wang 5
20251219 J0641+0448gMO1 ZD2025_2 J.L. Han 10
20260101 J0641+0448gMO1 ZD2025_2 J.L. Han 10
20260105 J0641+0448gMO1 ZD2025_2 J.L. Han 10
20260205 J0641+0448gMO1 ZD2025_2 J.L. Han 10
20260216 J0641+0448gMO1 ZD2025_2 J.L. Han 10

Note. Listed are the Gregorian observation date, cover name jointed with FAST beam name, FAST project number, project principal investigator (PI), and

observation length in minutes for each observation session.

2. FAST Observations and Data Reduction
2.1. FAST Observations of PSR J0641+0448

PSR J0641+0448 (GPPS No. 0670, originally designated
PSR J0641+0448¢g in J. L. Han et al. 2025) was first detected
in an 88 minute SnapShotZCal observation of the FAST GPPS
survey on 2024 May 16. The detection was confirmed by a
15 minute tracking observation on 2024 June 8. To date, a total
of 22 observational sessions have been carried out with FAST
to study this source, which are listed in Table 1. All
observations used the L-band 19-beam receiver, covering a
frequency range from 1.0 to 1.5 GHz with a sampling time of
49.152 ps. The initial observation was recorded with 1024
frequency channels and 2 polarization channels (XX and YY),
while all subsequent observations utilized 2048 frequency
channels and 4 polarization channels (XX, YY, Re[XY], and Im
[XY]). As part of the standard calibration procedure, a
2.01326 s period, 1.1 K modulated signal is injected into the
receiver at either the beginning or the end of each FAST
observation session.

2.2. Pulsar Timing and Polarization Profiles

We derived the barycentric spin period of PSR J0641+40448
at different barycentric epochs from each observation
using PRESTO (S. M. Ransom 2001). The variation in the
barycentric spin period indicates that the pulsar is in a binary
system. Following the procedure described in P. F. Wang
et al. (2025), which is based on the method introduced by

B. Bhattacharyya & R. Nityananda (2008), we estimated the
initial orbital parameters using the first eight observations.

Using these orbital parameters, we folded the raw psrfits
data into pulse profiles with DSPSR (W. van Straten &
M. Bailes 2011), adopting a subintegration length of 30 s. The
resulting profiles were then calibrated and cleaned using the
PSRCHIVE software package (A. W. Hotan et al. 2004). Under
the ideal feed assumption, we folded the calibration signals
and applied the corresponding calibration to the pulsar profiles
using the pac command. Radio frequency interference was
excised manually with the psrzap tool.

Subsequently, we reduced the data volume by averaging the
full frequency channels into four sub-bands and the subinte-
grations into 300 s bins using the pam command. Times of
arrivals (TOAs) were extracted from these integrated profiles
with the pat command by cross-correlating them with a
frequency-averaged one-dimensional template generated by
paas. The dispersion measure (DM) value was refined by
comparing TOAs from different sub-bands. Then we summed
all frequency channels together and then regenerated the
TOAs. The final number of TOAs is 44. We conducted pulsar
timing using the TEMPO?2 software package (G. B. Hobbs et al.
2006). The phase-connected timing solution for PSR J0641
40448 was obtained following the methodology outlined by
P. C. C. Freire & A. Ridolfi (2018). The resulting timing
model was then used to reprocess the observational data,
yielding improved TOA measurements. The final timing
solution was obtained based on these refined TOAs.

To derive the polarization profile, we first analyzed the
15 minute tracking observation from 2024 June 29 using the
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Table 2
Timing Solution and Derived Parameters for PSR J0641+0448

General Information

Pulsar name

Data span (MJD)

Number of TOAs

Xz/ N free

Timescale

Solar system ephemeris model
Binary model

Reference epoch (MJID)

J0641+0448
60446 to 61088
44
0.8407
TCB
DE440
DD
60600

Measured Parameters

Right ascension, a (J2000)
Declination, 6 (J2000)

Spin frequency, v (s~ ")

Derivative of spin frequency, i/ (s~2)
Dispersion measure, DM (pc cm ™)
Rotation measure, RM (rad m™2)
Orbital period, Py, (d)

Epoch of periastron, T, (MID)
Projected semimajor axis of orbit, x (It-s)
Longitude of periastron, w (deg)
Orbital eccentricity, e

Periastron advance, & (deg yr™ ")
Sine of orbital inclination, sini
Companion mass, M. (M)

06"41™34542114 + 0500008
04°48'097870 + 07004
38.94359974181 + 0.00000000003
(=9.95 + 0.05) x 1077
155.185 = 0.002
1367+ 1.6
3.73073229 =+ 0.00000004
60601.646366 =+ 0.000004
15.552366 + 0.000011
5.1038 + 0.0004
0.1454502 + 0.0000003
0.0427 + 0.0003
0.98 + 0.02
134+0.8

Derived Parameters

Spin period, P (s)

Spin period derivative, P (s s~')

Characteristic age, 7. (Gyr)

Surface magnetic field strength, B (G)

Mass function, f (M)

DM derived distance, dngaoo1 & dy mw 16 (Kpc)
Pulsar mass, M, (M.,)"

Companion mass, M. (M.)*

Total mass, My (Mo)*

Orbital inclination, i (deg)®

0.02567816038142+ 0.00000000000002
(6.56 + 0.04) x 10°%°
6.2

1.3 x 10°
0.2901910 + 0.0000007

53 &26

131979033

126975932

2.588+0.92

79.6%%]

Notes. All listed uncertainties represent the 68.3% confidence level.
# Obtained via x* analysis based on the DDGR model.

rmfit command, obtaining a Faraday rotation measure of
RMgy,, = 140.5 4+ 1.6 radm . We then applied Faraday
rotation correction via the pam command. Using the vertical
total electron content maps of the ionosphere, CODE” and the
International Geomagnetic Reference Field (IGRF-13)® with
an updated code IONFR’ (C. Sotomayor-Beltran et al. 2013),
we determined the ionospheric contribution to the rotation
measure to be 3.8 4+ 0.3 radm . The intrinsic rotation
measure of the pulsar is therefore 136.7 + 1.6 radm 2.
Following the same procedure, we applied Faraday rotation
correction to each tracking observation and subsequently
combined them using the psradd command. The resulting
integrated polarization profile, along with the position angle of
linear polarization at the infinite frequency, is shown in
Figure 1.

5 http:/ /ftp.aiub.unibe.ch/CODE/

https: //www.ngdc.noaa.gov/IAGA /vmod/igrf.html

7 https:/ /sourceforge.net /projects /ionfarrot/

3. Timing Results and Mass Measurement
3.1. Timing Result

The timing solution for PSR J0641+4-0448 is presented in
Table 2, with the corresponding timing residuals displayed in
Figure 2. The absence of significant systematic trends in the
residuals as a function of epoch or orbital phase indicates that
the timing model provides a good fit to the data. The timing
analyses are based on the Barycentric Coordinate Time (TCB)
scale. We used the solar system ephemeris DE440 (R. S. Park
et al. 2021) to correct the motion of FAST to the solar system
barycenter. The orbital motion of the pulsar was modeled
using the DD binary model (T. Damour & N. Deruelle
1985, 1986), which is widely adopted for DNS systems.

The pulsar has a characteristic age of 6.2 Gyr and a surface
magnetic field strength of 1.3 x 10° G, values that are typical
of a mildly recycled pulsar. Its Galactic longitude is 207753441
and Galactic latitude is 0°00106. Using the NE2001 Galactic
electron density model (J. M. Cordes & T. J. W. Lazio 2002),
the distance derived from the DM is 5.3 kpc, whereas the
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Figure 1. Polarization profiles of PSR J06534-0443. This was obtained by
averaging all tracking observations of the pulsar, with an integration time of
215 minutes. Subpanel (A) is the position angles (PAs) of the linear
polarization at the infinite frequency. The error bars indicate =+lo
uncertainties. Subpanel (B) shows the total intensity / (black line), linear L
(blue dashed line), and circular V (red dotted line, positive for the left-hand
sense) polarization profiles, with a small square in the bottom left corner
denoting 3207 o height and 1-bin width.

YMW 16 model (J. M. Yao et al. 2017) yields 2.6 kpc. A future
measurement of the orbital period derivative, which includes
kinematic contributions from proper motion and Galactic
acceleration, will help to constrain the system’s distance and
thereby improve the Galactic electron density model in this
direction.

The timing solution yields precise Keplerian orbital
parameters. From these, we derive the mass function,
f (M, M., sini), defined as

2 N3 2 .3
FMy, M,, i) = MeSMD__ AT X ()
M, + M)? G P

where M, and M. are the masses of the pulsar and its
companion, respectively, i is the orbital inclination angle, G is
the gravitational constant, x is the projected semimajor axis of
the pulsar’s orbit, and Py, is the binary orbital period. Using the
parameters from Table 2, we obtain a mass function of
0.290 M. This implies a minimum companion mass of
1.28 M, for an assumed pulsar mass of M, = 1.4 M,

The periastron advance of this binary pulsar has been
precisely measured, and in general relativity it is related to the
total mass of the system M, as

P\ /3 2/3
W= 3(—) G3M2Pc2(1 — &)L, )

™

Using the w value and uncertainty in Table 2, we found that the
total mass of the system is 2.59 4+ 0.03 M.

For eccentric orbits, the Shapiro delay is expressed as
(T. Damour & N. Deruelle 1986)

2GM, . .
Ag=— G3 In{l — ecosu — sini[sinw(cosu — e)

c
+ 1 — e?coswsinul}, 3)
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Figure 2. Timing residuals for PSR J0641+4-0448. The post-fit timing residuals
are plotted versus epoch and orbital phase in subpanels (A) and (B),
respectively. No systematic trends are apparent. The weighted rms of the
residuals, Oy, is 5.62 ps. Subpanel (C) shows the Shapiro delay predicted by
the best-fit values of the DDGR binary model (M, = 1.269 M., i = 79°6).

where e is the orbital eccentricity and u is the eccentric
anomaly. In PSR J064140448, the Shapiro delay was
marginally detected (see Table 2).

3.2. Mass Measurement

Due to a mild orbital eccentricity of 0.145, we can assume
that the spin axis of PSR J0641+0448 is aligned with the
direction of orbital angular momentum (T. M. Tauris et al.
2017). Then, combined with the Keplerian orbital parameters
in Table 2, under general relativity, all PK parameters in the
DD binary model can be calculated using M, and M.. We can
combine all these relativistic effects together for the mass
measurements, the realization of which is the DDGR binary
model (J. H. Taylor 1987; J. H. Taylor & J. M. Weisb-
erg 1989), where the fitting parameters are M. and M, instead
of PK parameters. Applying this binary model to PSR J0641
40448, TEMPO2 (G. B. Hobbs et al. 2006) reported
M. = 1269 £ 0.015M, and M, = 2.588 £ 0.030 M.
These uncertainties are produced based on the approximation
of linear propagation of uncertainties (G. B. Hobbs et al.
2006). However, the uncertainty of companion mass is
significantly asymmetric, so this approximation is not
sufficiently accurate.

Following E. M. Splaver et al. (2002), we employed a y
analysis to better constrain the masses of PSR J0641+-0448
and its companion. A uniform prior probability distribution
was adopted in the M,—cosi plane. Since the pulsar mass M,
must exceed 1 M., the corresponding gray region in
Figure 3(A) is excluded. For each pair of trial values

2
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Figure 3. Constraints on the component masses and orbital inclination of PSR J0641+0448 derived from x? analysis. The two-dimensional probability distributions
in the M,—cosi and M,—M, planes are shown in subpanels (A) and (D), respectively. The contours correspond to AxX? levels of 1, 4, and 9. The best-fit values,
Mo =2.588 M, i = 79°6, M, = 1.319 M, and M. = 1.269 M, are marked by red crosses. The highest density intervals containing 68.3% probability (enclosed by
the blue dashed lines), derived from the one-dimensional cumulative distribution functions (indicated by the black lines) in panels (B), (C), (E), and (F), correspond
to: Moy = 2.557t02.617 M, i = 75.5to 82.3 deg, M, = 1.284 to 1.340 M., and M. = 1.253 to 1.291 M....

(Mo, cosi), we calculated M, using Equation (1) and then
fited the TOAs with the DDGR timing model
(J. H. Taylor 1987; J. H. Taylor & J. M. Weisberg 1989) in
which all other parameters were free to vary, and recorded the
resulting Ax? = x? — x2. . Here we have rescaled the x°
distribution so the minimum * is equal to the degree of
freedom. The posterior probability density p (M, cosi) is
then given by
2 .
P (Mg, cosi) = {Ce T MG
0 otherwise,
where C is a normalization constant ensuring a total probability
of unity. Using the mass function, we converted the Ay?
distribution Ax2 (M, cosi) into Ax*(M,, M), which is shown
in Figure 3(D). The gray region has been excluded as it
corresponds to an unphysical sini > 1. The minimum x* occurs
at M =2.588M., i=79%6, M,=1319M., and M. =
1.269 M., marked by the two red crosses in Figures 3(A) and
(D). Integrating p (Mo, cosi), we obtained the following
parameter ranges with a 68.3% confidence level (C.L.):
M =2.557102.617 M, i=755t082.3 deg, M,=1284to
1.340 M, and M. = 1.253t0 1.291 M....

4. Discussion and Conclusion

We have reported the discovery, timing solution, and mass
measurements of PSR J0641+0448, a mildly recycled pulsar
with a spin period P = 25.7 ms, in a 3.73 day eccentric orbit
(e = 0.145) around another neutron star, identified through the
FAST GPPS survey. Based on 16 FAST observing sessions,
we obtained a phase-connected timing solution and detected
both periastron advance and Shapiro delay. Following
E. M. Splaver et al. (2002), we performed y* analysis based

0.8

0.2 04 0.6

0

Mys, (Mg)

Figure 4. The masses of the second-born neutron star, Mys, and orbital
eccentricities, e, of known DNS systems in the Galactic field. PSR J0641
-+0448 is marked by the red star. The error bars show the 1o uncertainties of
their masses.

on the DDGR binary model, which constrained the pulsar mass
to 1.31970:931 M., and the companion mass to 1.269"0 07 M.

In the future, continued follow-up observations of
PSR J0641+0448 can improve the precision of the mass
measurement. With a longer time span of about 10 yr, the
Einstein delay parameters v and the orbital period derivative
P, can be measured, which can be used to test general
relativity and constrain the pulsar distance.

It has been proposed that core-collapse events involving stellar
cores with low compactness, such as electron-capture supernovae,
low-mass iron core-collapse supernovae, and ultrastripped super-
novae with small metal cores, impart systematically smaller
kicks than those from more massive iron-core progenitors
(H.-T. Janka 2017; T. M. Tauris et al. 2017). Such smaller kicks
are expected to yield lower orbital eccentricities, while the neutron
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stars produced in these events are predicted to have lower masses
(M. Ugliano et al. 2012; T. Sukhbold et al. 2016). This suggests a
possible correlation between the mass of the second-born neutron
star, Mnsp, and the orbital eccentricity e in DNS systems
(T. M. Tauris et al. 2017).

To examine this correlatlon we compiled Mys, and
e values (see footnote®* ) from known Galactic DNS systems:
PSRs J0453+1559 (J. G. Martinez et al. 2015), J0509+43801
(A. E. McEwen et al. 2024), J0737-3039A/B (M. Kramer
et al. 2021), J1518+4904 (C. M. Tan et al. 2024), B1534+12
(E. Fonseca et al. 2014), J1756-2251 (R. D. Ferdman et al.
2014), J1757-1854 (A. D. Cameron et al. 2023), J1829-+2456
(H. T. Haniewicz et al. 2021), J19134+1102 (R. D. Ferdman
et al. 2020), B1913416 (J. M. Weisberg & Y. Huang 2016),
and J1946+2052 (L. Meng et al. 2025). As shown in Figure 4,
a trend is visible between Mys, and orbital eccentricity. The
position of PSR J0641+0448, which is marked by a red star,
shows a low companion mass and moderate eccentricity,
consistent with the proposed correlation.
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