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Abstract

The Follow-up X-ray Telescope (FXT) is one of the main scientific instruments
on board the Einstein Probe astronomical satellite, which was launched in 2024
January. FXT consists of two Wolter I type nested telescopes (FXT-A and
FXT-B) with a focal length of 1600 mm. The focal plane detector employs a
PNCCD with 384 x 384 pixels. The timing mode of FXT serves as the primary
operating mode for fast X-ray timing observations. To evaluate and validate the
timing performance of FXT prior to launch, a comprehensive timing calibration
was performed at the 100 m X-ray test facility. By simulating various periodic
Crab-like profiles using the Grid Controlled X-ray Tube (GCXT) in conjunction
with a pulsar simulation module, it was verified that the relative time accuracy
of FXT exceeds 5 x 10—9. Furthermore, employing GCXT with a voltage
pulse generation module enabled the determination of the time resolutions for
FXT-A and FXT-B, recorded as 45.6 + 2.7 s and 47.1 4+ 2.8 s, respectively.
An absolute timing calibration for FXT-B was carried out using the GCXT and
a time interval analyzer, revealing a measured time delay of 3.9 + 2.1 s for
FXT-B.
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Abstract

Binary millisecond pulsars with a massive white dwarf (WD) companion are
intermediate-mass binary pulsars (IMBPs). They are formed via the Case BB
Roche-lobe overflow evolution channel if they are in compact orbits with an
orbital period of less than 1 day. They are fairly rare in the known pulsar
population; only five such IMBPs have been discovered before, and one of
them is in a globular cluster. Here we report six IMBPs in compact orbits:
PSRs J0416+5201, J05204-3722, J1919+1341, J1943+4-2210, J1947+2304 and
J2023+4-2853, discovered during the Galactic Plane Pulsar Snapshot survey by
using the Five-hundred-meter Aperture Spherical radio Telescope, doubling the
number of such IMBPs due to the high survey sensitivity in the short survey
time of 5 minutes.

Follow-up timing observations show that they all have either a CO WD or
an ONeMg WD companion with a mass greater than about 0.8 M in a very
circular orbit with an eccentricity on the order of 107°. PSR J0416+45201 should
have an ONeMg WD companion with a remarkable minimum mass of 1.28 M .
These massive WD companions lead to a detectable Shapiro delay for PSRs
J04164-5201, J0520+3722, J1943+2210, and J2023+2853, indicating that their
orbits are highly inclined. From the measurement of the Shapiro delay, the
pulsar mass of J1943+2210 was constrained to be 1.84 ;.;; 7°.1* M | and that of
PSR J2023+2853 to be 1.28 ;.6 70.%¢ M .
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1. Introduction

Binary millisecond pulsars (MSPs) with a CO/ONeMg white dwarf (WD) com-
panion are intermediate-mass binary pulsars (IMBPs), because they have a more
massive companion (see Figure 1 [Figure 1: see original paper]) compared to
low-mass binary pulsars with a He WD companion with a mass less than 0.46
M (Tauris & van den Heuvel 2023). When the WD companion has a mass of
1.05 M , it must be an ONeMg WD. The CO WDs have a mass roughly in the
range of 0.46-1.05 M . The IMBP systems are descendants of intermediate-mass
X-ray binaries (IMXBs) where mass is transferred from a more massive donor to
a less massive neutron star (NS). The most widely accepted explanation for the
high spin frequencies of MSPs is the accretion of mass and angular momentum
in a binary system (Alpar et al. 1982; Radhakrishnan & Srinivasan 1982; Bhat-
tacharya & van den Heuvel 1991). The spin periods are therefore closely related
to the amount of accreted mass in this process and hence provide constraints
on the accretion process (Tauris et al. 2011, 2012). The mass transfer process
can be dynamically unstable, leading to the formation of a common envelope
(CE), which experiences much more complicated and unclear evolution depend-
ing on the mass of the donor star (Paczynski 1976; Iben & Livio 1993; Ivanova
et al. 2013; Tauris & van den Heuvel 2023). During the H-shell burning phase,
the donor star with a mass of 2-10 M expands and enters the red giant branch.
At the start of mass transfer, if the donor star is near the tip of the red giant
branch and the merger can be avoided, an unevolved helium star will be left
and then the post-CE orbital period will be 0.5 days (Tauris et al. 2012). The
helium star will expand during the helium shell burning phase, leading to a new
mass transfer called the Case BB Roche-lobe overflow (RLO; Tauris et al. 2011,
2012; Tauris & van den Heuvel 2023). An IMBP system can then be formed
with a very tight orbit. During these mass transfer phases, the NS accretes only
a little mass from its companion and is only mildly recycled.

Timing observations of binary MSPs provide an effective approach to study-
ing IMBPs. The Keplerian binary parameters can be determined with a few
observations (Freire et al. 2001; Bhattacharyya & Nityananda 2008), then the
companion mass can be estimated based on the mass function. If any post-
Keplerian (PK) binary parameters are precisely measured, then the masses of
the pulsar and the WD companion can be better constrained under the general
relativity framework (Damour & Taylor 1992). The proper motions, if measur-
able from long-term timing, can tell us the natal kick of the pulsar obtained
during the formation of the binary systems.

Using the Five-hundred-meter Aperture Spherical radio Telescope (FAST, Nan
2006; Nan et al. 2011), which is the most sensitive single-dish radio telescope
in the world, we are carrying out the FAST Galactic Plane Pulsar Snapshot
(GPPS) survey aiming at discovering pulsars within the Galactic latitude of
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$+10% fthe F ASTvisibleskyarea( Hanetal.2021). T hesurveyobservationsaremadewith fourpointingstocovera.
seeoriginalpaper|inHanetal.2021).TheF ASTGP PSsurveyhasalreadysuccess fullydiscoveredmorethan750n
PSRsJ0416 + 5201,J0520 + 3722,J1919 + 1341,J1943 + 2210,J1947 +

2304, and J2023+2853, withacompanionmoremassivethan0.8 M ©.Becausetheirorbitsarenearlycircularwitha,
5}8, they must be IMBPs with either a CO WD or an ONeMg WD, with the

parameter space mixed with double NSs (see Figure 1). The new discovery of

six pulsars by the GPPS survey significantly enlarges the number of IMBPs in

compact orbits (see Table 1 ).

The structure of the rest of this paper is arranged as follows: In Section 2, we
describe the FAST observations of these pulsars, followed by the details of data
analyses including the orbital parameter determination and pulsar timing. The
detailed results of these six pulsars are presented in Section 3. The implications
of our results and future prospects are discussed in Section 4.

2. FAST Observations and Data Reduction

All FAST observations have been carried out by using the L-band 19-beam
receiver, covering a 500 MHz bandwidth centered at 1.25 GHz (Jiang et al. 2020).
The data were recorded for 2 or 4 polarization channels, with a sampling time
of 49.152 s for all 2048 or 4096 frequency channels. Before or after every
observation session, calibration noise signals with a modulated amplitude of
1.1 K and a period of 2.01326 s are injected into the receiver feeds so that
polarization data can be calibrated (Han et al. 2021; Wang et al. 2023).

The six IMBPs, PSRs J0416+5201, J0520+4-3722, J1919+1341, J19434-2210,
J194742304 and J20234-2853, were discovered during the FAST GPPS sur-
vey (Han et al. 2021, 2025). PSR J0416+5201 was discovered in a snapshot
observation on 2023 January 3rd, and then confirmed in a 15 minute tracking
observation on 2023 February 13th. Afterward, several follow-up observations
were made and then the initial orbital parameters were determined. Similarly,
PSR J0520+4-3722 was discovered from a snapshot observation on 2022 November
16th, and then confirmed in a 15 minute tracking observation on 2023 January
6th. PSR J1919+1341 was discovered from an observation on 2020 August 7th;
PSR J1943+2210 was discovered from an observation on 2021 June 27th; PSR
J194742304 was discovered from an observation on 2020 December 15th; PSR
J2023+2853 was discovered from an observation on 2019 March 29th (Han et
al. 2021).

For each pulsar, after a few observations were done with FAST, we de-dispersed
the data, and then searched for the barycenter spin periods and accelerations
of the pulsar using PRESTO (Ransom 2001). These data are plotted in a two-
dimensional plane and form an ellipse so that the orbital period (P_{orb}) and
the projected semimajor axis (x) can be obtained from the plot directly (Freire
et al. 2001).

With this initial orbital period, we performed a two-dimensional search of or-
bital period (P_{orb}) and time of ascending node passage (TASC) to fit the
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observed periods of different epochs, which provided the intrinsic spin period
of the pulsar P and refined the three orbital parameters P {orb}, x and TASC
(Bhattacharyya & Nityananda 2008).

For timing analysis, first we folded pulsar profiles with the initial orbital pa-
rameters for data segments of 5 minutes each, using the package DSPSR (van
Straten & Bailes 2011). The “times of pulse arrival” (TOAs) were then extracted
from these folded pulsar profiles using the package PSRCHIVE, an Open Source
C++ development library for the analysis of pulsar astronomical data (Hotan
et al. 2004). We then calibrated the polarization with the injected calibration
signals using the command “PAC” in PSRCHIVE, and removed radio frequency
interference using the “20 CRF”method (Chen et al. 2023). The Faraday rotation
measures (RMs) were then determined using “RMFIT” and then polarization
data were RM-corrected using “PAM.” The data of all frequency channels were
then added to form profiles of four sub-bands. The profiles were compared
to a frequency-average template produced by the command “PSRSMOOTH”
or “PAAS,” then finally TOAs were extracted from all these files by using the
command “PAT.”

3. FAST Timing Results

After FAST observations over the years, including data obtained during the
FAST GPPS survey and also by free-applied FAST projects (see details in au-
thors contributions), and following the method in Freire & Ridolfi (2018), we
produced the phase-connected timing solutions of these systems (see Tables 2
and 3 ). Then, all data were refolded again to achieve better precision. If
no dispersion measure (DM) variations are found, all frequency channels were
summed together to obtain more precise TOAs. The timing residuals are pre-
sented in Figures 2 [Figure 2: see original paper] and 4 [Figure 4: see original
paper]. No systematic trends as a function of epoch or orbital phase can be
seen in these plots. During the analyses, the solar system ephemeris DE436
was applied to correct the motion of the phase center of FAST relative to the
barycenter of the solar system, while the motion of the pulsars was described
using the ELL1 model (or ELL1k model for Shapiro delay parameters) (Lange
et al. 2001; Edwards et al. 2006), which are the commonly used orbital models
for low eccentricity orbits.

We also divided the FAST observation data of the 500 MHz bandwidth into four
sub-bands and then refined DM and RM values. After final corrections, we get
the final polarization profiles as shown in Figure 3 [Figure 3: see original paper].
Linear polarizations of pulse profiles of PSRs J1919+41341 and J1947+2304 are
not yet detected from available data. Discussions of polarization profiles and
geometry are presented in Section 4.3. The distances of these pulsars are esti-
mated from the DMs by using the electron-density models NE2001 (Cordes &
Lazio 2002) and YMW16 (Yao et al. 2017). Based on the precise astronomic
positions of these pulsars from timing observations, we searched for their optical
counterparts in the Pan-STARRS1 image but yielded no result (Chambers et
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al. 2016).

Among the six pulsars, we get the Shapiro delay for PSRs J0416+5201,
J0520+3722, J1943+2210 and J2023+2853, which indicates that they are in
edge-on orbits. When the orbit of a pulsar is nearly circular, the Shapiro delay
can be described by PK parameters r Gmic/c?’ and s sinivia A S=r
In[1 - e cos E - s(sin w(cos E - e) + (1 - €2)!/2 cos w sin E)], where m__c is the
companion mass, i is the orbital inclination angle, f is the orbital phase and f 0
is the conjunction phase at { = 0.25. Together with the mass function, f(m) =
(m_c sin i)®/(m_p + m_c)? = (2r/P_{orb})? x3/T__, the observed Shapiro
delay can constrain the pulsar mass m_ p, the companion mass m_ ¢, and the
orbital inclination i.

In the following, we discuss the detailed timing results of six pulsars.

3.1. PSR J0416+5201

PSR J0416+45201 has a spin period of 18.2 ms. The pulse profile consists of
a one-component main pulse and double-peak interpulse with a separation of
about 180° in the rotation longitude (see Figure 3 [Figure 3: see original paper]).

Assuming the pulsar mass of 1.4 M, the minimum companion mass, derived
from the mass function, should be 1.28 M , in the mass range of NSs, but such
an NS companion is rebutted by the circular orbit with an eccentricity of only
a few 1075, Only an ONeMg WD can have such a mass. On the other hand, a
WD should have a mass less than the Chandrasekhar mass limit of 1.4 M . We
therefore can conclude that the companion mass of PSR J0416+5201 is probably
in the range of 1.28 and 1.4 M . Previously discovered pulsars with such massive
WD companions are PSRs J1227—6208 (1.21 < m_c¢/M < 1.47; see Colom i
Bernadich et al. 2024), J2222—0137 (m_c = 1.319(4) M ; see Guo et al. 2021),
J1528—3146 (m_c¢ = 1.24 + 0.13 M ; see Jang et al. 2024) and B2303+46 (1.2
< m_c/M < 1.4; see van Kerkwijk & Kulkarni 1999), but none of them have
a compact orbit like PSR J0416+5201. The massive companion in an orbital
period of 0.396 days should merge with PSR J0416+4-5201 in about 3.1 Gyr.

We detected the Shapiro delay of the PSR J0416+4-5201 binary system, which
implies an edge-on orbit. The companion mass is then further constrained by the
Shapiro delay as being 1.7(5) M (see Table 2 ), which provides an independent
coarse but consistent mass constraint.

3.2. PSR J05204-3722

The phase-connected timing solution of this binary system has been obtained
from the timing data over two years. Among six IMBPs, PSR J0520+3722 has
the fastest spin period of 7.91 ms and the youngest characteristic age of 0.35 Gyr.
Its pulse profile has a main pulse and an interpulse with a separation of about
180° in the rotation longitude (see Figure 3 [Figure 3: see original paper]|), with
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a clear circular polarization sense-reversal at the center of the two-peak main
pulse.

The companion mass is constrained by the mass function of the binary and the
Shapiro delay detected in timing data, as being 0.70(13) M , indicating that
its companion is a CO WD. However, the precision of two measurable Shapiro
delay parameters is not precise enough to constrain the pulsar mass. Assuming
a pulsar mass of 1.4 M , the pulsar will merge with its companion after 12 Gyr.

3.3. PSR J1919+41341

PSR J1919+41341 is a mildly recycled pulsar with a spin period of 11.7 ms.
PSR J1919+1341 has been frequently detected by the FAST L-band 19-beam
receiver even when FAST is tracking PSRs J1918+1340g (GPPS0081) and PSR
J1920+1340g (GPPS0423), though it is 1 .5 offset from the beam-center of one
of the 19 beams. The TOAs have a large weighted root mean square (rms)
timing residual of 85 s due to the weaker pulse, the beam-offset, the wide pulse
and also the relatively longer spin period. Assuming the pulsar mass is 1.4 M ,
the minimum mass of its companion is 0.78 M . Because of the very circular
orbit, PSR J1919+41341 is probably orbiting a massive WD companion with an
orbital period of 0.370 days. The merger timescale of this system is estimated
to be 4.7 Gyr. Large timing residuals prevent this system from having a good
measurement of the Shapiro delay. Without any further constraints on the
companion mass, its companion can be either a CO WD or an ONeMg WD.

3.4. PSR J19434-2210

After 3 yr of timing observations, we get the phase-coherent timing solution.
PSR J19434-2210 has a spin period of 12.9 ms in a compact orbit with a period
of 0.372 days and an eccentricity of 2.44(95) x 107%. The companion has a
minimum mass of 0.89 M according to the mass function. Based on all these
measurements, we suggest the companion should be a massive WD. The pulsar
has a double-peak main pulse and a discrete one-peak secondary pulse with
a rotation longitude separation of about 100°, so it is not the interpulse (see
Figure 3 [Figure 3: see original paper]).

We detected the proper motion of 7.4(0.5) mas yr—!. Considering the DM
distance of 4.6 kpc (Cordes & Lazio 2002) or 4.0 kpe (Yao et al. 2017), one
can get the transverse velocity of 1.5 x 10% km s~!, which is high but still
reasonable (Shamohammadi et al. 2024). Combining the mass function of this
binary system and the Shapiro delay (see Figure 5 [Figure 5: see original paper]),
we get the companion mass as being 1.03 (.0, 9.4 M and an orbital inclination
being 88.80 o.137°.1% deg. The so-derived NS mass is 1.84 ;.1 7911 M, one
of the largest birth masses ever known (Tauris & van den Heuvel 2023). The
measured companion mass is in the conjunction area between the CO WDs and
ONeMg WDs, so it can be either a CO WD or an ONeMg WD. Because of a
relatively short orbital period and a high NS mass, this binary system has a
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coalescence time of 2.5 Gyr, the shortest among those IMBP systems with a
recycled pulsar.

3.5. PSR J19474-2304

Using FAST observations of PSR J1947+42304 over more than 3 yr, we get the
phase-connected timing solution of this binary pulsar. It has a spin period
of 10.9 ms, and an orbital period of 0.339 days, with an eccentricity of a few
107%. The companion has a minimum companion mass of 0.87 M . We cannot
get other constraints on the companion mass, and hence cannot determine the
companion type as being a CO WD or an ONeMg WD. Among all binary MSPs
with a massive WD companion, the orbital period of PSR J1947+42304 is the
shortest. Such a tight orbit could be the result of continuous gravitational wave
emission over a long time if expressible by the pulsar characteristic age of 3.6
Gyr. General relativity predicts a variation rate of orbital period P_{orb} -1
x 10713, which should be measurable in the future. This binary system will
merge within 3 Gyr due to gravitational wave emission.

3.6. PSR J20234-2853

PSR J2023+2853 is a very bright pulsar discovered in the FAST GPPS survey,
which has been buried in the harmonics of the nearby extremely bright pulsar
PSR B2020+28 with a similar DM (Han et al. 2021). It has a spin period of
11.3 ms and is in a binary system with an orbital period of 0.72 days. Its pulse
profile has an interpulse (see Figure 3 [Figure 3: see original paper]), separated
from the main pulse by 180° in the rotation longitude.

The orbit of PSR J2023+42853 is highly inclined, so the Shapiro delay can be
very well detected and described using the PK parameters of r 2Gm_ c/c? and
s sin i. On 2024 January 17th we launched a tracking observation for 3.5 hr
by the FAST facility to cover the conjunction phase and a clear Shapiro delay
was detected. When we drafted this paper, we noticed that the CHIME team
published the timing results on the arXiv on 2024 February 13 for some bright
pulsars with high cadences, including this bright pulsar (Tan et al. 2024). They
obtained the two Shapiro delay parameters and calculated a companion mass
of 0.93 5.17,7°.1" M and a pulsar mass of 1.49 ;.,070.4° M (Tan et al. 2024).
The timing solutions we obtained by FAST are consistent with their published
results but with much better precision.

From the two PK parameters r and s we obtained m_c = 0.85(2) M and s = sin
i =0.9939(4). Because of the long span for timing and the better precision of
measurements, we have also measured the proper motion of this pulsar as being
8.745(77) mas yr~'. The parallax is 1.22(30) mas, which should be counted
when used for a test of general relativity. The corresponding parallax distance
is 0.8(0.2) kpc, closer than but still consistent with its DM distance estimate
within 30 uncertainty. All these measurements can constrain the masses of
PSR J20234-2853 and its companion. We performed the Bayesian analysis of
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parameters, as displayed in Figure 5 [Figure 5: see original paper|. We arrived at
the pulsar mass m_p of 1.28 ,.047%.2¢ M , the companion mass m__c of 0.853 +
0.020 M , the total mass m_ {tot} of 2.14 (.o, 7°.97 M , and an orbital inclination
iof 83.7 .,70.% deg. Similar results have been obtained using the DDGR model-
fitting (Damour & Deruelle 1985, 1986), which gives the companion mass of
0.857 4+ 0.018 M and the total mass of 2.15 + 0.07 M. According to the
companion mass, its companion is a CO WD.

4. Discussions

These six compact IMBP systems should be products of CE evolution (Tauris et
al. 2011, 2012; Tauris & van den Heuvel 2023). The mass accretion should cause
the spin axis to be aligned with the orbital axis. These two compact objects
with different masses can act as a laboratory to test gravitational theories. The
precise timing of such systems can measure the pulsar masses which are the key
parameters for understanding the evolution channels of NSs and are constraints
for the equation of state of supra-nuclear matter (e.g., Horvath et al. 2021).

4.1. Possible Tests of Gravitational Theory with High Accuracy Data
from PSRs J1943+2210 and J2023+2853

FAST measurements of PSRs J1943+2210 and J2023+2853 give an rms resid-
ual with a high precision of 7 and 0.5 s respectively. Because of highly inclined
orbits, the two Shapiro delay parameters have been used to constrain the com-
panion masses, pulsar masses, and the inclination angles of the orbits. Their
precise proper motions and the parallax of J2023+4-2853 are also measured from
timing data, as shown above. The periastron advance (w) and changes of orbital
period P_ {orb} are still not well measured, but their uncertainties will decrease
with a longer observation span T by T—3/2 and T~°/2, respectively.

In some gravity theories, such as the scalar-tensor theories, the dipolar gravita-
tional waves are predicted to radiate from an asymmetric binary system with
significantly different masses with different gravitational self-energies, though
not in general relativity. Binary MSPs with a WD companion indeed provide a
unique opportunity for such a test (Freire et al. 2012; Guo et al. 2021; Gautam
et al. 2022). The orbital period derivatives P_ {orb} of PSRs J1943+-2210 and
J2023+4-2853 will be especially useful to constrain the spontaneous scalarization
(Damour & Esposito-Farese 1993), as in the case of PSR J2222-0137 by Zhao
et al. (2022). According to Cognard et al. (2017), for a binary orbit with a
negligible eccentricity, the additional change rate of the orbital period in the
scalar-tensor theories should be shown for P_ {orb}"d where ar_p and a_c are
the scalar charge or effective coupling strength of the pulsar and its companion
respectively, the orbital damping caused by dipolar gravitational wave emission,
and q is the mass ratio m_p/m_ c. Obviously the theoretical constraints for |ap
- ac|? depend on the precision of P{orb} d. For PSR J1943+2210, if P{orb}"d
can be constrained to be less than 4 fs s7!, then |a_p - ac/ can reach 1 x
1073. For PSR J2025+2853, if we can constrain P{orb}"d to be less than 1 fs
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s~1 then la_p - a_c| should be smaller than 1 x 103, better than the con-
straints from other systems, e.g., 1.9 x 1072 for PSR J1738+0333 from Freire
et al. (2012) and 3.3 x 1073 for PSR J2222—0137 from Guo et al. (2021). We
do need to observe it for a longer observation span T.

However, the observed excessive orbital period derivative may have other possi-
ble origins, as expressed by P_{orb} " {obs} = P_ {orb}"{GR} + P_{orb}"d +
P_{orb} {Gal} + P_{orb}"{PM}, where P_{orb}"{Gal} is the contribution
of Galactic acceleration, and P__{orb} " {PM} here is caused by the proper mo-
tion (Shklovskii 1970). Taking the distance from the Sun to the Galactic center
as being 8.0 kpc and the Galactic circular velocity of 220 km s~! at the location
of the Sun (GRAVITY Collaboration et al. 2019), we find that the sum of the
two contributions is a function of distance, as illustrated in Figure 6 [Figure 6:
see original paper].

At present, no reliable distance measurement for PSR J1943+2210 prevents an
accurate assessment of kinematic effects and hence a good constraint on the
dipolar gravitational wave emission (see Figure 6 [Figure 6: see original paper]).
Based on the parallax distance of PSR J2023+2853, the sum of the two contri-
butions from Galactic acceleration and proper motion should be 4.4-7.1 fs s~!
in the 68% confidence level. In the future, with more data for more accurate
measurements of parallax (for PSR J2023+2853), the Shapiro delay and proper
motion, the two binary systems of PSRs J1943+2210 and J2023+2853 can po-
tentially provide the best constraint on the existence of dipolar gravitational
wave emission.

4.2. Two Possible Formation Channels of Compact IMBP Systems

If the WD companion was formed before the NS, the binary system should be
in an eccentric orbit (Antoniadis et al. 2011), as indicated by the filled triangle
in Figure 1 [Figure 1: see original paper|. Otherwise, the orbits of the binary
systems should be nearly circular (Tauris & van den Heuvel 2023). All six
IMBPs presented in this paper have circular orbits, therefore these systems
probably descended from IMXBs with very wide orbits of P_ {orb} 10%2-103
days. The companion star previously had a mass of 2-10 M ;| and it became
a giant. Such a giant star responds to the mass loss by expanding, and then
the mass transfer rate rises quickly, even far exceeding the mass accretion rate
of the NS, then a CE is formed. The NS will spiral into the CE during which
orbital momentum and the dynamic energy of the NS is then transferred into
the CE. If the CE is successfully ejected in 10% yr (Podsiadlowski 2001; Passy
et al. 2012; Tauris et al. 2012), the outcome of this spiral-in phase should be a
compact binary system consisting of an NS and a He star (Paczynski 1976; Iben
& Livio 1993; Ivanova et al. 2013).

The accreted mass during the CE phase can recycle the NS to a spin period of
10 ms, with an amount of about 0.01 M . Conventionally, such spin periods
should be reached in the post-CE mass accretion phase triggered by the Case
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BB RLO, during which the mass is transferred from a giant helium star to an
NS, but it takes a much longer time of 10 yr to get partially recycled (Tauris
et al. 2011, 2012). Such a Case BB RLO evolution phase can only happen for
those NS plus He star binaries with a tight orbit, in which the orbital energy
of the progenitor is sufficient to fully eject the envelope of the donor star that
evolves to near the tip of the red giant branch. A compact pulsar-helium star
binary system should be left after the CE ejection. To avoid a merger, the
orbital period should be 0.5 days (Tauris et al. 2011, 2012). After the Case BB
RLO phase, a compact IMBP system with a mildly recycled pulsar should be
formed.

Another possible formation channel for these compact IMBPs is the Case C
channel, where the CE phase was initiated with an asymptotic giant branch
star. Unlike the Case BB evolution channel, the helium core of the companion
star has been exhausted, and the system will not go through Case BB RLO. The
hypercritical accretion cooled by neutrino loss during CE phase (Houck & Cheva-
lier 1991) or post-CE thermal remnant thermal readjustment phase (Ivanova
2011) may significantly spin up the NS, providing an alternative explanation to
the mildly recycled pulsars. To explain the heavy NS mass 1.84 (.;; 7011 M of
PSR J1943+2210 that has a spin period of 12.9 ms, the accreted mass is about
0.01 M according to Equation (14) in Tauris et al. (2012) in the recycling pro-
cess, so the initial mass of PSR J19434-2210 should be about 1.83 M. It is a
born-massive NS, similar to those in the systems of PSRs J1614—2230, PSR
J1640+2224, PSR J2222—0137 and 2A 1822—371 (Tauris et al. 2011; Deng et
al. 2020; Guo et al. 2021; Wei et al. 2023).

Such compact IMBP systems are rare. Previously only five MSPs with massive
WD companions were located in compact orbits with a period less than 1 day
(Edwards & Bailes 2001; Faulkner et al. 2004; Manchester et al. 2005; Ransom
et al. 2005; Knispel et al. 2011; Ng et al. 2014), as listed in Table 1 . We find
six compact IMBPs with orbital periods less than 1 day: PSRs J0416+5201,
J05204+-3722, J1919+1341, J1943+2210, J1947+42304 and J2023+2853. Five of
them will merge within a Hubble time except for the last one, making them the
progenitors of Galactic gravitational wave sources for space-borne gravitational
wave detectors like Tiangin (Luo et al. 2016), Taiji (Ruan et al. 2020), and LISA
(Amaro-Seoane et al. 2017). Their tight orbits, relatively fast spin periods and
the large companion masses are all consistent with the prediction of the Case
BB RLO evolution channel (Tauris et al. 2011, 2012; Tauris & van den Heuvel
2023).

4.3. Geometry and Pulse Profile

During the Case BB RLO, the NS is spun up so that the rotation axis should
get aligned with the orbital angular momentum (Yang & Li 2023). If so, and
if the orbit is nearly edge-on, then our line of sight should be perpendicular to
the pulsar spin axes. The Shapiro delay signals have been detected in PSRs
J04164-5201, J0520+3722, J1943+2210 and J20234-2853, which is a clear indi-
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cation for their edge-on orbits. The detected radio emission indicates that their
magnetic field poles are aligned to our line of sight. If the surface magnetic
fields of such a pulsar are dipolar, then the magnetic axis must be highly in-
clined from the spin axis. So, they are perpendicular rotators, from which an
interpulse may be observed.

Indeed, the pulsars PSRs J0416+5201, J0520+3722, J194342210 and
J2023+4-2853 all have a pulse profile with two discrete pulses. Among them, an
interpulse is observed approximately half-way through the spin cycle except
for PSR J1943+-2210. PSRs J1913+1341 and J1947+2304 only have one pulse
and no Shapiro delay signals have been detected yet. Their orbital inclinations
are not constrained yet due to large TOA uncertainties. Though the rotating
vector model (Radhakrishnan & Cooke 1969) has been widely applied to
normal pulsars, we tried to fit the model to PSRs J0520+3722, J1943+2210
and J2023+4-2853 and obtained large inclinations of magnetic axis from the
rotation axis, see o and in Figure 3 [Figure 3: see original paper]. These
results suggest that the NSs, i.e., the pulsars, have been spun up by a stable
mass transfer process in, e.g., Case BB RLO (Tauris & van den Heuvel 2023)
or post-CE thermal remnant thermal readjustment phase (Ivanova 2011). If
the system was formed via the Case C channel and the NS was spun up via
the neutrino-cooling accretion during the CE phase, the pulsar spin axis may
be misaligned with the orbital orientation.

Among other known compact IMBPs, PSRs J1525—5545, J1757—5322 and
J1748—2446N have only one on-pulse region and no constraint on their orbital
inclination angles has been reported yet (Edwards & Bailes 2001; Ransom et
al. 2005; Ng et al. 2014). PSRs J1802—2124 and J1952+2630 also have only one
on-pulse region, and the orbital inclination of J1802—2124 is 79.9(6) deg and
that of J19524+2630 is 72 deg (Ferdman et al. 2010; Gautam et al. 2022). More
detailed study of their geometry may help us to understand their origin.
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