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Abstract

PSR J2150+43427 is a 0.654 s pulsar discovered by the Commensal Radio Astronomy FAST Survey. From the
follow-up observations, we find that the pulsar is in a highly eccentric orbit (e = 0.601) with an orbital period of
10.592 days and a projected semimajor axis of 25.488 It-s. Using 2.7 yr of timing data, we also measured the
rate of periastron advance w = 0.0115(4) deg yr '. An estimate for the total mass of the system using the w
gives My, = 2.59(13)M,, which is consistent with most of the known double neutron star (DNS) systems and
one neutron star (NS)—white dwarf (WD) system named B2303+46. Combining w with the mass function of
the system gives the masses of M, <1.67 and M. >0.98 M, for the pulsar and the companion star,
respectively. This constraint, along with the spin period and orbital parameters, suggests that it is possibly a
DNS system, and we cannot entirely rule out the possibility of an NS—-WD system. Future timing observations
will vastly improve the uncertainty in w, and are likely to allow the detection of additional relativistic effects,
which can be used to modify the values of M, and M.. With a spin-down luminosity of E =5.07(6) x
10%° ergs™', PSR J2150+3427 is a very low- lumrnosrty pulsar, with only the binary pulsar J2208+4610
having a smaller E.

Unified Astronomy Thesaurus concepts: Binary pulsars (153); Pulsars (1306); Radio pulsars (1353); Neutron
stars (1108)
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1. Introduction

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST) is an ideal telescope for discovering pulsars (Nan et al.
2011; Qian et al. 2020). Pulsar searching is a key aspect of the
Commensal Radio Astronomy FAST Survey (CRAFTS; Li
et al. 2018), which samples the sky area between the range of
—14° < decl. <66° in drift-scan mode (Cruces et al. 2021)
using the FAST 19-beam receiver with a total bandwidth of
1.05-1.45 GHz and a center frequency of 1.25 GHz (Jiang et al.
2020). Currently, the CRAFTS survey has discovered about
179 new pulsars,'” 57 of which have their timing solutions
reported from earlier studies (Cameron et al. 2020; Cruces et al.
2021; Miao et al. 2023; Wu et al. 2023).

15 http://groups.bao.ac.cn/ism/CRAFTS/
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About 11% of the known pulsars are in binary systems
(ATNF Pulsar Catalogue v1.69; Manchester et al. 2005), with
the majority (~84%) being millisecond pulsars (MSPs) with
spin period P < 20 ms. MSPs are proposed to be formed from
the evolution of low-mass X-ray binaries (Bhattacharya & van
den Heuvel 1991). In the evolutionary scenario known as the
“recycling” process (Alpar et al. 1982; Bhattacharya et al.
1992), the neutron star (NS) gains angular momentum from its
companion via the Roche lobe overflow and spins up to
millisecond periods. The outcome of the process is typically an
MSP with a helium white dwarf (WD) companion in an
extremely circular (e < 1073) orbit (Phinney 1992).

Some rare binary pulsars may experience a different
evolutionary path. In the case when the companion star is
massive enough to evolve into a supernova explosion, and
the binary system is not disrupted by the explosion, a double
neutron star (DNS) system will be formed. In such a system,
the firstborn pulsar is a recycled pulsar, and the second-born
NS will have the spin characteristics consistent with that of
canonical pulsars (Agazie et al. 2021). Currently, 20
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confirmed and 9 candidate DNS systems have been
published'® (Ozel & Freire 2016). They have orbital periods
between 0.078 < P, <45.06 days and eccentricity of
0.064 < e < 0.83. The spin periods of the recycled pulsars in
DNS systems range from 16 to 186 ms, the period derivatives
from 2.72x 1072 to0 1.80 x 10" ss~!, and the inferred
magnetic field strength between 1 x 10° G and 6 x 10" G
(Manchester et al. 2005; Pol et al. 2019; Agazie et al. 2021).

For the nonrecycled (younger) pulsars in DNS systems (for
example PSRs J1906+0746, J1755—2550, and J0737
—3039B), their spin periods are found between 144 <P <
2770 ms. They also possess greater magnetic field strengths
(~8.86 x 10''-1.73 x 10"* G) and higher period derivatives
(~8.92 x 107'°-2.03 x 107" ss™"). At present, PSR J0737
—3039A/B system is the only known double pulsar system
(Ozel & Freire 2016; Kramer et al. 2021).

The evolution of a DNS system and its progenitor plays an
important role in many fields of astrophysics, including powerful
gravitational wave emission (Wex 2014), modeling of X-ray
binary accretion processes, formation of millisecond pulsars
(Lewin & van der Klis 2006), and possibly gamma-ray bursts
(Eichler et al. 1989; Cantiello et al. 2007). In addition, the
ancestors of the detected DNS systems experienced multiple mass
transfer stages, with one or more common envelope episodes, and
two supernova explosions, which make their observed character-
istics similar to fossil records that have stored their past
evolutionary history (Tauris & van den Heuvel 2006; Tauris
et al. 2017). Therefore, DNS systems can be used as key probes in
binary stellar astrophysics. Furthermore, some DNSs in relativistic
orbits are ultrastable clocks, allowing unprecedented testing of
gravitational theory in strong field states (Wex 2014). Finally,
DNS systems help to constrain the equation of state of nuclear
matter in high density (Ozel & Freire 2016).

In this paper, we report the discovery and properties of PSR
J2150+4-3427 based on FAST observations. It is a binary pulsar
in a 10 day (P, ~ 10.592 days) orbit with eccentricity e ~ 0.601
and a spin period P~ 654 ms. Examination of the orbital
period, eccentricity, companion mass (M,.), and the total mass
of system (M,,) suggests that this system is likely a DNS
system.

2. Observations and Analysis

PSR J2150+4-3427 was discovered in an observation
conducted on 2019 October 30, and confirmed in a drift scan
using an L-band 19-beam receiver (see CRAFTS pulsar list).
Our observations were performed at 91 different epochs
between 2020 December and 2023 April using the FAST 19-
beam receiver at a center frequency of 1250 MHz and a
bandwidth of 400 MHz (Jiang et al. 2020). The duration for
most observations is 12 minutes, while three dozen epochs
have a duration of 4 minutes and only one observation has an
integration time of 30 minutes. A polarization calibration signal
generated by a noise diode was recorded for 40 s before each
pulsar observation. After the polarimetric calibration, the tool
rmfit in the PSRCHIVE'’ software package (Hotan et al.
2004; van Straten et al. 2011) was used to search for the
Faraday rotation measure (RM). The polarization profile shown
in Figure 1 is obtained from the observation with the highest
signal-to-noise ratio.

16 hitps: //www3.mpifr-bonn.mpg.de/staff /pfreire /NS_masses.html
17 .
http:/ /psrchive.sourceforge.net/
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Figure 1. Integrated polarization profiles of PSR J2150+-3427. In the upper
panel, the black dots with error bars are the PA points. The total intensity,

linearly polarized flux and the circular-polarized flux are shown in black, red,
and blue, respectively, in the lower panel.

We dedispersed and folded the data using the DSPSR'® (van
Straten & Bailes 2011). The radio frequency interference (RFI)
was excised using the pazi and paz tools in the PSRCHIVE.
It was then followed by adding all the phase-aligned profiles
using the psradd tool. The pat tool from PSRCHIVE was
used to compute the times of arrival (TOAs). The paas tool
was used to generate a standard profile, which was then used to
calculate the TOAs to refine the timing ephemeris. Finally, the
TEMPO2 ' (Edwards et al. 2006; Hobbs et al. 2006) was used
to build a phase-connected timing solution.

3. Results
3.1. Preliminary Orbital Analysis

Since timing analysis requires initial estimates of the Kepler
binary parameters, we first measure the barycenter spin period
Py, for every observation using the TEMPO2 %ackage. After that,
a series of Py is fitted using the £ itorbit? program in order
to derive the first-order orbital parameters. As shown in panel
(a) of Figure 2, the measured P, between MJD 59700 and
MID 59729 reveals a 10.592 day orbit with an eccentricity of
e=0.601.

'® hitps: //dspsr.sourceforge.net/
' hitps: //www.atnf.csiro.au /research/pulsar/tempo2
20 https://github.com/vivekvenkris /fitorbit
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Figure 2. Panel (a): the observed Doppler-modulated spin period (P) vs. MID.
It clearly shows that the pulsar orbit has a significant eccentricity. The black
line is a best-fit orbital model obtained using P, ~ 10.592 (day), x,, ~ 25.488
(It-s), e ~ 0.601, Ty ~ 59626.993 (MID), and w ~ 262.791 (deg). Panels (b)
and (c) show plots for postfit residuals vs., respectively, the MID and orbital
phase for 92 TOAs over 91 epochs.

3.2. Pulsar Timing

In this section, we outline the steps for improving the orbital
ephemeris derived in Section 3.1 through a process known as
pulsar timing. For observations with integration time of either 4 or
12 minutes, we calculated one TOA for each epoch, whereas two
TOAs were produced for the observation with an integration time
of 30 minutes. We fitted the dispersion measure (DM) by
dividing the bandwidth into two frequency subbands and the TOA
was calculated separately for each subband. A reduced x>~ 1
was obtained by combining a scaling factor applied to all raw
TOA uncertainties (called EFAC), and adding a term in
quadrature to the TOA uncertainties (called EQUAD).

Our total data set spanned roughly 2.7 yr (MIJD
59216-60189). The resulted ephemeris and timing residuals
are shown in Table 1 and Figure 2, respectively. Apart from the
least-squares method, the Bayesian timing analysis is also
conducted using TEMPONEST (Lentati et al. 2014), and both
return consistent results. In Table 1 the ephemeris is reported in
barycentric coordination time (TCB) units, which is derived
from the Damour & Deruelle's (DD) binary model (Damour &
Deruelle 1985, 1986) and the JPL DE438' solar system
ephemeris. The rms of our timing solution is 147.086 us.

From the measured orbital period (P,) and the projected
semimajor axis of orbit (x), we obtain the mass function

(Mcsini)® 4 x3

X
fM,, M) = = — =0.1584)M,, (1)
g Mt%)t TG) sz

2 ftp://ssd.jpl.nasa.gov /pub/eph/planets /bsp/de438.bsp
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Table 1

Timing Solution for PSR 1215043427
Statistic and Model Parameters Value
Timing data span (MJD) 59216-60189
Reference epoch (MJD) 59474
Solar system ephemeris DEA438
EFAC 2.1
EQUAD (us) 9
Number of TOAs 93
rms residual (us) 147.086
Measured Parameter Value

R.A., o (J2000)
decl., 6 (J2000)

21:50:33.007(1)
+34:27:37.31(2)

Proper motion in «, p, (mas yr’]) —51(25)
Proper motion in 6, s (mas yrfl) —46(24)
Spin frequency, v (s ') 1.528397635626(3)
Spin frequency derivative, i (s~2) —8.4(1)x107 '8
Dispersion measure (pc cm ™) 55.48(3)
Faraday rotation measure (rad m?) 97.4(1)
Binary Parameters Value
Binary model DD
Orbital period, P, (days) 10.5921329(3)
Epoch of periastron, Ty (MJD) 59626.993390(7)
Projected semimajor axis, x (It-s) 25.48802(3)
Longitude of periastron, w (deg) 262.7911(3)
Orbital eccentricity, e 0.601494(2)
Advance of periastron, & (deg yr~") 0.0115(4)
Derived Parameters Value

P (s) 0.654279996704(1)
P(ss™) 3.60(4)x107"®
Characteristic age (Gyr) 2.88(3)
Surface magnetic field (10'° G) 4.90(2)
Spin-down luminosity 10% erg sh 5.07(6)
Mass function (M..,) 0.158(4)
Minimum companion mass (M) 0.94
Median companion mass (M) 1.15

Total mass (M) 2.59(13)
Total proper motion, £ (mas yr—') 69(25)
Distpy YMW16 (kpe) 4.77
Distpy, NE2001 (kpe) 3.00

Si250 (mly) 0.228(8)"

Notes. Timing results are obtained with tempo2 and reported in units of TCB.
# The flux density at 1.25 GHz was estimated using the radiometer equation

from Lorimer & Kramer (2004).

where Mo, = M,, + M. is the total mass of the system, M. and
M,, are masses for the companion and the pulsar, respectively,
and i is the angle between the orbital angular momentum vector
and the line of sight. The mass of the Sun in time units is given
by T,= GM@/c3 =4.925490947 us, G is the Newton’s
gravitational constant, M., is the mass of the Sun, and c is
the speed of light. Assuming a system inclination of 90°
(Lorimer 2008), the mass function given in Equation (1)
implies a minimum companion mass of M.=0.94 M. The
orbital eccentricity in the orbital solution allows us to measure
one post-Kepler (PK) parameter, namely the periastron
advance, which is estimated to be & = 0.0115(4) deg yr ' If
w 1is purely relativistic, the total mass (M) of the
binary system can be determined by the following equation


http://ssd.jpl.nasa.gov/pub/eph/planets/bsp/de438.bsp
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(Taylor & Weisberg 1982):

2/3 -5/3
p=3—to (B} %)
a1 —e\or or

Using the measured w gives the total mass of the system
Mo = 2.59(13)M.,, where the uncertainty is 1. The total mass
is greater than the lightest DNS system, known as the PSR
J1018—1523 (Moq =2.3(3) M.; Swiggum et al. 2023), but
consistent with most confirmed DNSs (e.g., PSRs J0737
—3039A /B, Kramer et al. 2021; J1208—5936, Bernadich et al.
2023; J1325—-6253, Sengar et al. 2022; J1411+2551, Martinez
et al. 2017; J1756—2251, Ferdman et al. 2014; J1811—1736,
Corongiu et al. 2007), and more. The remaining PK parameters
cannot be determined for this system at this stage, making it
impossible to evaluate the individual mass in this binary.
However, the pulsar and companion mass can be constrained
with the constraint sini < 1 from the mass function (f). We
obtain the lower limit for M, such that

M, > Mg, f(Mp, M) = 1.02(4) M. ©)

Panel (a) of Figure 3 shows the “mass—mass” diagram, which
demonstrates the possible pulsar and companion masses
allowed by w and those forbidden by the mass function. We
obtain M, < 1.67 M. and M.>0.98 M. (loerror) for the
pulsar and the companion, respectively. In other confirmed
DNS systems with total system mass measurements only, such
as PSRs J1325-6253, J1411+2551, J1759+5036, and J1811
—1736, a similar range for the companion masses to PSR
J2150+3427 is observed.

4. Discussion

The spin period of PSR J21504-3427 is consistent with most
canonical pulsars that have a period derivative as small as
P = 3.60(4) x 10~'® ss~'. This gives the characteristic age of
2.88(3) Gyr and the surface magnetic field strength of
B, =4.90(2) x 10'"° G. The measured P and P imply that
PSR J2150+3427 possesses a small spin-down luminosity of
E =5.07(6) x 10% ergs "', and only 12 pulsars in PSRCAT*?
(version 1.69) have smaller luminosity. The magnetic field
strength and the small P suggest that PSR J2150+3427 may be
slightly recycled. The high eccentricity is likely the aftermath
of the supernova explosion of the companion star, which is
consistent with the DNS systems showing high eccentricity
(Tauris et al. 2017; Pol et al. 2019; Balakrishnan et al. 2023)
and two NS-WD systems (Davies et al. 2002).

4.1. Intrinsic Spin-down Rate

In general, the observed spin-period derivative (Py,) is given
by

Pyos _ Pt n Bk
P P P
_ Pinl + V_2
P cd
N 5
_ P p7d (4)
P c

2 https: //www.atnf.csiro.au /research /pulsar/psrcat/
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Figure 3. Panel (a): the mass—mass diagram of PSR J2150+3427 obtained
from pulsar timing assuming fully general relativity. The gray region is
excluded based on the mass function (black dotted line) and orbital geometry.
The red line corresponds to ¢ = 0.0115(4) deg yr~ ", and the dotted line shows
the regions that are consistent within the error in w. Panel (b): mass—mass
diagram for known pulsars and PSR J2150+3427. Panel (c): the Q—¢ diagram
of PSR J2150+4-3427 and the systems with the NS mass measured. Here,
g =M, /M. is the system mass ratio, and Q = P;,/e (day) is the orbital factor.
The blue diamonds are the DNS systems with individual NS mass
measurements. The green dots are the NS—-WD systems with individual NS
mass measurements. The black and red stars of the PSR J2150+-3427 system
are calculated assuming the orbital inclination of i = 90° and 60°, respectively.

where P, is the intrinsic spin-down rate, By is the Shklovskii
correction to the period derivative P, V is the transverse
velocity, and d is the distance to the pulsar. The V?/cd and
,uzd/ ¢ are the so-called Shklovskii effect (Shklovskii 1970).
Hence, V= ud and V < (Py,/P)dc. The determination of P
and V depends on reliable distances. According to the results by
Deller et al. (2019) on the parallax distance for 57 pulsars, both
electron density models (NE2001, Cordes & Lazio 2002; and
YMW16, Yao et al. 2017) have significant shortcomings,
especially in the high-latitude regions of the Galaxy. The
Galactic latitude of PSR J2150+4-3427 is b = —15.002, and its
DM distance may not be reliable.

At the DM distance derived from the NE2001 model (3 kpc),
we obtain the upper transverse velocity limit of V<
392(4) kms ™', based on V < (By,/P)dc, and By < 3.63(8) x
10718 ss7!'. With the distance derived from the YMW16
model (4.77kpc), V<495(5) km s !, and By < 3.63(8) x
10-18 s 57! are obtained. The maximum Py obtained from both
distances is greater than Py (3.62(7) x 10718 ¢ s_l). This
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implies that the actual distance is possibly less than 3 kpc. Due
to the lack of reliable distance, the reliable values of P, and V
are not obtained.

4.2. System Origin

Comparing PSR J2150+4-3427 with other pulsars is bene-
ficial for determining the type of companion star in this new
binary. Most binary MSPs in our Galaxy are highly recycled
(P <10 ms) and in highly circularized orbits (e < 1073). The
intermediate spin-period pulsars (10 ms < P <20 ms; Camilo
et al. 2001; Balakrishnan et al. 2023) tend to have a WD
companion (Ferdman et al. 2010), and their orbits have very
low eccentricities. The rare DNS systems are survivors from
two supernova explosions (Tauris et al. 2017). They tend to
have a higher orbital eccentricity in the range of
0.064 < ¢ <0.83 and orbital periods between 0.1 < P, <45
days (Tauris et al. 2017). Their eccentricities are much greater
than the high- and intermediate-recycled pulsars.

The spin period of PSR J2150+3427 is consistent with
young pulsars, but larger than the recycled NS (old), in DNS
systems. In addition, the P, e, and M,y of PSR J2150+4-3427
are consistent with that of the known DNS systems. On the
other hand, we also noticed that the M,,—M, distributions (panel
(b) in Figure 3) of PSR J2150+3427 are consistent with three
NS-WD systems (PSRs J1141—-6545, J2222—-0137, B2303
+46). This suggests that PSR J2150+4-3427 may possess a
massive WD companion. To better determine whether it
belongs to a DNS or a massive NS-WD system, we use the
system mass ratio g (¢ = M,,/M,) and define an orbital factor Q
(Q = P, /e day) to compare PSR 2150+3424 with known DNS
and NS-WD systems.

The Q—-g diagram for PSR J2150+3427 and the known
DNS systems are shown in Figure 3. As shown in panel (c), the
Q-factor of the known DNS system is less than 37 days, and ¢
is between 0.91 and 1.33 (~1). Assuming that the orbital
inclination is i=90° and 60°, and that J2150+3427 has
q = 1.54(5) and g = 1.20(4), respectively, the Q of PSR J2150
43427 is given by ~17.61 days. Obviously, the Q and g values
for PSR J2150+4-3427 are in good agreement with the DNS
systems but differ significantly from most NS—WD systems. In
the Q—-g diagram, the distribution of this pulsar is also
consistent with the location of PSRs J1141—6545 and B2303
446, which implies that PSR J21504-3427 may have a massive
WD companion.

The noticeable differences between PSR J2150+3427 and
J2222—0137 are the eccentricity, age, and spin period. PSR
J2222—0137 has a smaller period (P~ 0.032 s), more
circularized orbit (e ~3.8 x 10~%), and younger age, which
could distinguish it from the DNSs in the Q—¢ diagram.
However, PSR J2150+3427 is an older pulsar in an eccentric
orbit, which suggests that it is different from recycled NS—-WD
systems (e.g., PSR J2222—-0137).

PSRs J1141—-6545 and B2303+46 are young nonrecycled
pulsars (Davies et al. 2002), and their companions are
confirmed as WDs, which appear to have formed before the
NS (van Kerkwijk & Kulkarni 1999; Kaspi et al. 2000; Davies
et al. 2002). Their commonality with PSR J21504-3427 means
that they cannot be distinguished from the DNSs through the
companion star mass and orbital parameters. Especially when
comparing B2303+446 with J2150+4-3427, they show very
similar period, orbital eccentricity, orbital period, and magnetic
field. However, the characteristic age are different by about 2
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orders of magnitude. Furthermore, the difference in character-
istic age between PSRs J2150+4-3427 and J1141—6545 is about
3 orders of magnitude. This suggests that PSR J2150+43427
does not belong to the younger nonrecycled pulsars, unless it is
very old.

Known NS—-WD systems with orbital periods of 9 ~ 11 days
have €< 6.6 x 107>, P <30 ms (MSPs), and characteristic
ages between 58 Myr and 45 Gyr (mean value 9.3 Gyr). They
have undergone a recycled process. In comparison, PSR J2150
43427 is also an old pulsar (2.86 Gyr) but not significantly
recycled (P ~ 0.654 s and e ~ 0.601). Based on the fact that the
companion star cannot provide enough mass for the recycling
process, PSR J2150+4-3427’s companion star is probably an
NS. Moreover, the consistency of My, O, and g suggests that
PSR J2150+3427 is likely belong to a DNS system. The DNS
evolution described by Tauris et al. (2017) may be applicable to
PSR J21504-3427.

In a DNS system, the first NS born is the A star (recycled),
and the last one born is the B star (nonrecycled). As described
by Tauris et al. (2017), the spin period of recycled pulsars as a
rough function of P, in all the observed Galactic disk DNS
systems follows the relation:

P = 44 ms (Pp,/day)"2°, 5)

The P of PSR J2150+43427 is different from the predicted
value (~81.27 ms) for recycled DNSs but similar to non-
recycled DNS pulsars (B star), which suggests that it is likely to
be an aged B star. Like most DNS systems, we did not detect
any signals from the second NS. One possible reason is that its
beam of radiation does not sweep pass the Earth. Therefore, we
cannot absolutely confirm whether it is an A star or B star.

There are observations for a potential companion of PSR
J2150+3427 in Gaia Data Release 3 Part 1 (Gaia Collabora-
tion 2022) with an offset of 0/0118 from the pulsar’s position.
The source ID is 1948939718066589952, and the mean
magnitude of the source in the G band is 20 mag. It indicates
that better telescopes are needed to obtain more information on
its distance, temperature, proper motion, and so on. This source
could be a foreground star or a background star.

Using the equation described by Bergeron et al. (1995) and
Ruiz et al. (1995), the visual magnitude (m) of a WD can be
estimated by the following relation:

m = —25logf, — 21.1158, (6)
where
fr = 4m(R/d)*H, @)

and R is the radius of the WD, d is the distance, H) is the
monochromatic Eddington flux (in units of
ergscm 2s 'Hz 'str'), whose value is given in Table 1 of
Bergeron et al. (1995). For B2303+46s WD companion, at a
DM distance of 4.3 kpc and for a cooling timescale of
~30Myr, a 1.3 M. WD counterpart would have m ~ 25.8.
This value is close to the measured value of 26.60(9) mag in
the B band (van Kerkwijk & Kulkarni 1999). For PSR J2150
43427, we assume that the companion has an age close to the
characteristic age of the pulsar (~2.88 Gyr). When using a DM
distance from the YMW 16 model (4.77 kpc) and a WD mass of
1.02 M, (i =90°), the magnitude is estimated to be m ~ 28.5.
At the DM distance given by the NE2000 model, the value is
estimated to be m ~ 27.5. When using a WD mass of 1.18 M,
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Figure 4. The P-P diagram of the known pulsars, including PSR J2150+-3427.
The binary pulsars are indicated in black, DNS systems are represented by the
blue circles, and PSR J2150+4-3427 is indicated by the red star. The blue and
green dashed—dotted lines are the death lines predicted by the CR-induced
space-charged-limited flow (SCLF) models and the inverse Compton
scattering-induced SCLF model, respectively (Zhang et al. 2000). The blue
dashed line is the death line predicted by the CR-induced vacuum gap model
proposed by Zhang et al. (2000). The black line is a typical death line predicted
by CR from the vacuum gap model (Ruderman & Sutherland 1975). The black
dashed line is modeled by Equation (9) of Chen & Ruderman (1993). The
green solid line is the death line model from Zhou et al. (2017).

(i =60°), the estimations are m ~ 29.1 and m ~ 28.1, respec-
tively. The companion of PSR J2150+4-3427 is more difficult to
observe than B2303+-46. The pulsar could be nonrecycled and
just very old. If that were the case the companion could be
a WD.

4.3. The Pulsar Death Line

Currently, PSR J2150+4-3427 is a pulsar with the lowest spin-
down luminosity in binary systems (PSRCAT version 1.69).
The rotational parameters of PSR J2150+4-3427 imply that it has
an E =5.10(10) x 10® ergs ' and it is an old pulsar
(7. =2.86(6) x 10° yr). This places it below the typical death
line (black line in the P-P diagram), shown in Figure 4, where
a few pulsars are known. Traditionally, radio-quiet pulsars are
supposed to be located under the death line. Various death lines
are presented in the P—P diagram by earlier investigators. In
Figure 4, the black line is a typical death line based on
curvature radiation (CR) in the vacuum gap (V) model, as
proposed by Ruderman & Sutherland (1975). So far, 55 pulsars
(PSRCAT version 1.69) have been found below this line,
meaning that the models cannot explain the origin of radio
emission from these sources. Chen & Ruderman (1993) defined
the region with two death lines forming the pulsar death valley
(Equations (6) and (9) in their article). As shown in Figure 4,
the black dashed line is a death line modeled by Equation (9)
proposed by Chen & Ruderman (1993). About 38 pulsars are
below this line. Neither the typical death line nor the death
valley can explain the emission of PSR J21504-3427.
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We have also explored the death line model of Zhang et al.
(2000) to explain PSR J2150+3427. In Figure 4, the death
lines as predicted by the CR-induced space-charged-limited
flow (SCLF) model and by the inverse Compton scattering
(ICS)-induced SCLF model are indicated by the blue and green
dashed—dotted lines, respectively. The blue dashed line is the
death line predicted by the CR-induced vacuum gap model
proposed by Zhang et al. (2000). These two models cannot
explain the radio radiation in PSR J2150+4-3427. We also
noticed that the CR-V and ICS-V models of Zhang et al. (2000)
cannot explain PSR J2150+3427. This suggests that the death
line models need improvement.

As described by Zhou et al. (2017), different equations of
state (EOS) for a pulsar result in different death lines. The mass
of PSR J2150+4-3427 is <1.67 M. The moment of inertia and
the radius for an NS of a specific mass, together with the
associated EOSs, are given in Table 1 by Zhou et al. (2017).
Like Zhou et al. (2017), we adopt the typical potential drop
AV=10" V in the polar cap accelerating region. At the
inclination angle of 90°, the death line model with EOS named
wwfl in Zhou et al. (2017) can explain the radio luminosity of
PSR J21504-3427 (the green solid line in Figure 4).

Szary et al. (2014) proposed an alternative explanation for
the pulsar emission cessation process. They suggest that radio
emission may be assumed to have a maximum possible
efficiency (¢,,,, = L/E = 0.01). Here, L is the radio luminos-
ity, which can be obtained from Equation (2) of Szary et al.
(2014). Assuming a spectral index of —1.6 (Lorimer et al.
1995), the radio efficiency of PSR J2150+-3427 is ~0.064 and
0.025, based on the distances predict from the NE2001 and the
YMW16 models, respectively. The radio efficiency is greater
than the maximum possible efficiency proposed by Szary et al.
(2014). Based on the maximum radio efficiency of pulsars
(ax = L/E = 0.01; Szary et al. 2014) and the sensitivity of
the radio telescope, Wu et al. (2020) proposed an “observation-
limit line” (Ein = L/&,,,) to explain low E pulsars discovered
in the “grave yard” in the P-P diagram. According to the
sensitivity of FAST (Spin = 3.1 ps; Nan et al. 2011), the
possible minimum E (“observation-limit line”) at the same
distance as PSR 215043427 is ~5.2 x 10 ergs~'. We
noticed that the E of PSR J2150+3427 is greater than Eins
which suggests that this “observation-limit line” can explain its
flux density luminosity.

5. Conclusions and Future Work

In this paper, we have reported the discovery and timing
campaign of PSR J2150+3427. It is a 654 ms binary pulsar
with an eccentric orbit (e =0.601) of 10.592 days around a
possible NS. Using our 2 yr data set, we also measured the rate
of periastron advance, whose value suggests that the total mass
of PSR J21504-3427 is consistent with the known DNSs in our
Galaxy. Based on the orbital factor and mass ratio, PSR J2150
+3427’s companion star is probably an NS. Currently, it is the
known pulsar with the smallest E in a binary system outside of
globular clusters (PSRCAT version 1.69).

The w of all known DNSs are in the range of 0.00078(4) to
25.6(3) deg yr ' and have an average value of 5.4(3) deg yr .
The w of PSR J2150+4-3427 is in accordance with that of the
DNS population. Continued follow-up observations may
determine the masses of PSR J2150+3427 and its companion
via detection of more relativistic effects (PK parameters). One
of these parameters, known as the Shapiro delay, can be
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observed in highly inclined (nearly edge-on) DNS systems
(Shapiro 1964). As described by Freire & Wex (2010), a new
PK parameter /3 follows

3 o
A S1n 1
h3:rg3:r— :Tﬁmc— )
(1+\/—1—s2) ) (1+|cosi|)
3

where h3 is the “orthometric amplitude parameter” of the
Shapiro delay, r is the “range” of Shapiro delay, ¢ is the
“orthometric ratio” parameter expressed in the ratio of the
amplitude to the successive harmonics of the Shapiro delay,
and s is the “shape” of Shapiro delay. For an inclination angle
of 60° the value of h; would be 1.2 us, which is probably
undetectable given our EQUAD of 9 us. If the Shapiro delay
cannot be detected, measuring the mass of the companion
would require using the Einstein delay, which will take
decades.
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