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Abstract
Eccentric millisecond pulsar + helium white dwarf (MSP + He WD) systems have attracted increasing attention, with the rotationally
delayed accretion-induced collapse (RD-AIC) scenario proposed as a possible formation channel. Given the similarity between the formation
channels of He WDs and subdwarf B (sdB) stars, eccentric MSP + sdB binaries could also exist in the Galaxy, though none have been
detected so far. Theoretical predictions of their properties would greatly aid in their discovery. Here, within the RD-AIC framework, I
present predictions for their orbital parameters, includingMSPmass, secondary mass, eccentricity, and orbital period. Based on two detailed
binary population synthesis calculations, I estimate their Galactic birth rate to be (0.67–1.5)× 10−4yr−1. Then, a very conservative upper
limit for their total number in the Galaxy is 15 000, implying that the most optimistic fraction of eccentric MSP + sdB systems among all
MSP+ sdB populations could reach up to 55%. These systems are relatively young, with ages on the order of a few hundredMyr, and should
therefore be found in relatively young environments. Furthermore, most MSPs in such eccentric binaries have masses below 1.5M�. I also
briefly discuss their potential future applications in various astrophysical contexts.
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1. Introduction

Millisecond pulsars (MSPs) are characterised by weak surface
magnetic fields of B∼ 108 G, spin periods shorter than 30 ms,
period derivatives less than 10−19s s−1 and nearly circular orbits.
They play a vital role in constraining the equation of state (EoS)
of neutron stars (NSs, Özel & Freire 2016). The prevailing view is
that MSPs form in low-mass X-ray binaries (LMXBs) through a
recycling process: a pulsar that has crossed the death line is spun
up to millisecond periods via accretion from a Roche lobe–filling
companion. (Alpar et al. 1982; Radhakrishnan & Srinivasan 1982;
Bhattacharyya & van den Heuvel 1991). Tidal torques during this
phase circularise the binary orbit (Phinney & Kulkarni 1994). This
scenario is supported by observed links between LMXBs andMSPs
(Wijnands & van der Klis 1998; Archibald et al. 2009), as well
as the fact that nearly all fully recycled MSPs with helium white
dwarf (WD) companions in the Galaxy exhibit very low orbital
eccentricities (Manchester et al. 2005).

However, the detection of several eccentric MSPs suggests
that the recycling process may be more complex than previously
envisioned. These eccentric MSPs are found with either main-
sequence (MS) stars or low-mass helium WDs as companions
(Champion 2008; Barr et al. 2017; Octau et al. 2018; Stovall et al.
2019; Zhu et al. 2019; Serylak et al. 2022). While several forma-
tion mechanisms have been proposed, the origin of such systems
remains uncertain. Most models invoke either asymmetric mass
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loss or environmental interactions: (I) Dynamical perturbations in
a hierarchical triple system may eject one component, leaving an
eccentric binary (Freire et al. 2011). (II) A circumbinary (CB) disk
formed from mass loss in the progenitor system may interact with
the inner binary, exciting orbital eccentricity (Antoniadis 2014).
(III) Asymmetricmass ejection during proto-WD formation could
impart a kick, resulting in an eccentric MSP binary (Han & Li
2021; Tang, Gao, & Li 2023). (IV) The accretion-induced col-
lapse (AIC) of a rapidly rotating super-Chandrasekhar WD could
directly produce an MSP, with mass loss inducing eccentricity
(Freire & Tauris 2014; Wang & Gong 2023). (V) Similarly, a phase
transition from a rapidly rotating NS to a strange star, accom-
panied by sudden mass loss, may also yield an eccentric MSP
binary (Jiang et al. 2015). (VI) Resonant interaction with convec-
tive flows in a tidally locked red giant, when the eddy turnover time
matches the spin period, could drive large eccentricities (Ginzburg
& Chiang 2022).

Hot subdwarfs, identified as extreme horizontal branch (EHB)
stars in the Hertzsprung–Russell (HR) diagram, are helium-core-
burning objects with very thin hydrogen envelopes (Heber 2009;
Heber 2016). Like helium WDs, they typically form from red
giants that have lost their hydrogen envelopes. Hot subdwarfs
are important in several astrophysical contexts, for instance, as
contributors to the ultraviolet upturn in elliptical galaxies and
as potential surviving companions of Type Ia supernovae (Han,
Podsiadlowski, & Lynas-Gray 2007; Geier et al. 2015; Meng
& Luo 2021). After central helium exhaustion, hot subdwarfs
evolve into carbon-oxygen (CO) WDs, including very low-mass
WDs with CO cores (Prada Moroni & Straniero 2009; Justham,
Podsiadlowski, & Han 2011). Spectroscopically, they are classified

c© The Author(s), 2026. Published by Cambridge University Press on behalf of Astronomical Society of Australia. This is an Open Access article, distributed under the terms of the
Creative Commons Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution and reproduction, provided the original article is
properly cited.

https://doi.org/10.1017/pasa.2026.10189 Published online by Cambridge University Press

https://doi.org/10.1017/pasa.2026.10189
https://orcid.org/0000-0001-5316-2298
mailto:xiangcunmeng@ynao.ac.cn
https://doi.org/10.1017/pasa.2026.10189
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/pasa.2026.10189&domain=pdf
https://doi.org/10.1017/pasa.2026.10189


2 X. Meng

into several subtypes, e.g. the dominant subgroup, subdwarf B
(sdB) stars, exhibits strong hydrogen Balmer lines and weak or
absent He I lines (Moehler et al. 1990; Geier et al. 2017; He et al.
2025).

Although neutron stars can, in principle, have diverse compan-
ions, noNS binaries with helium-star or hot subdwarf companions
had been identified until 2025. Recently, however, NS + hot subd-
warf systems have attracted growing theoretical and observational
interest. They are potential gravitational wave sources detectable
by the Laser Interferometer Space Antenna (LISA) and may rep-
resent progenitors of certain peculiar MSP binaries, such as those
with CO WD companions or black widows with extremely low-
mass companion (Tauris, Langer, & Kramer 2012; Wu et al. 2018;
Ginzburg & Chiang 2020; Guo, Wang, & Li 2024). For over a
decade, several surveys have sought such binaries to understand
their apparent rarity and evolutionary pathways (e.g. Geier et al.
2011; Wu et al. 2020).

The recent report of a compact binary comprising an MSP and
a stripped helium star, the first of its kind, has reinvigorated this
field (Yang et al. 2025). This system, consistent with standard recy-
cling predictions, exhibits a circular orbit (Guo et al. 2025). Yet,
given that eccentric MSP + He WD systems, though rare, chal-
lenge the standard recycling picture, new questions have emerged:
Do eccentric MSP + hot subdwarf systems also exist, in contra-
diction to standard recycling predictions? If so, how many such
systems reside in the Galaxy, what are their characteristic proper-
ties, and in what kind of environments within the Milky Way can
they be discovered? In this paper, I address these questions by pre-
dicting the properties of potential eccentric MSP + hot subdwarf
binaries. Such predictions will facilitate future searches for these
systems, whose discovery could provide strong constraints on the
standard recycling theory.

In studies of the properties of the surviving companions of
Type Ia supernovae (SNe Ia) in supernova remnants (SNRs), the
so-called spin-up/spin-down model suggests that the companion
of a rapidly rotating CO WD prior to explosion could be an sdB
star (Justham 2011; Di Stefano & Kilic 2012; Meng & Li 2019). If
theWD is composed of oxygen–neon–magnesium (ONeMg), AIC
may occur instead of a SN Ia.While direct evidence for AIC events
remains elusive, indirect observational clues support this chan-
nel, e.g. the young pulsars in globulars clusters (Tauris et al. 2013;
Wang & Liu 2020; Kremer et al. 2024). As discussed in Section
4.1, the rotationally delayed AIC (RD-AIC) scenario proposed by
Freire & Tauris (2014) offers a promising explanation for known
eccentric MSP + HeWD systems. If the RD-AIC scenario is valid,
the outcome of an AIC event in a rapidly rotating ONeMg WD +
sdB binary would be an eccentric MSP + sdB system, or at least
an eccentric NS+ sdB binary. This work aims to characterise such
yet-undetected eccentric MSP + sdB systems and provide observ-
able predictions to guide future searches (Oostrum et al. 2020).

In Section 2, I simply describe my methods, and I present the
results in Section 3. In Section 4, I show discussions and my main
conclusions.

2. Methods

As far as the potential eccentric MSP + sdB systems from the RD-
AIC scenario, their lifetimes may be much shorter than normal
MSPs from recycled scenario because massive WDs tend to have
higher magnetic fields (106–109 G, Wickramasinghe & Ferrario
2005), which leads to the post-AIC MSPs with a strong magnetic
field of 1011–1014 G, as high as magnetar. Only those from the

WDs with very weak magnetic fields may show the properties of
normal MSPs (see also Ivanova et al. 2008). Here, I simply assume
that a post-AIC NS behaves as a MSP no matter how strong its
magnetic field is, and then how long its lifetime. I will discuss this
further in Section 4.

Following Meng & Li (2019), the initial binary systems are
ONeMg WD + MS systems, and mass transfer begins when the
companions are on the MS or in the Hertzsprung gap (HG) (see
also details in Meng & Podsiadlowski 2017). The basic methods
and assumptions for the binary evolution are the same to Meng
& Li (2019) before AIC, and then I do not give the repetitious
details here. As far as the maximum WD is concerned, a rigid
rotation is assumed for the pre-AIC WD and then the maximum
WD mass is 1.48 M� in Freire & Tauris (2014) (see Meng & Li
2019 and Tauris et al. 2013). Actually, if a differential rotation is
considered, the maximum mass may be up to 4.0 M� (Yoon &
Langer 2004; Yoon & Langer 2005). In this paper, I assume that
the pre-AIC WD may be differentially rotating if its mass exceeds
1.48M�. TheWDmass in this paper is then as massive as 2.6M�.
The rapidly rotating super-Chandrasekhar WDs will experience
a spin-down phase before an AIC process. However, at present,
many uncertainties are still not resolved in the spin-up/spin-down
model, e.g. the exact spin-down timescale and the exact time of
the onset of the spin-down phase (Meng & Podsiadlowski 2013).
Following Meng & Li (2019) and Meng & Luo (2021), I define a
pseudo-spin-down timescale, τsp = 107 yr, in which τsp represents
a time interval from the moment ofMWD = 1.378M� to the time
of AIC (see also Meng & Podsiadlowski 2013).a For the AIC pro-
cess, I take similar assumptions to those in Freire & Tauris (2014).
(i) The binding energy of a NS is calculated based on Lattimer &
Yahil (1989) and the baryonic material of 0.02 M� is ejected dur-
ing AIC (Wang & Liu 2020). (ii) I assume a circular orbit for the
pre-AIC binary. If the AIC is symmetric, I use

e= �M
MNS +M2

, (1)

to calculate the eccentricity of the post-AIC system, where M2,
MNS and �M are the pre-AIC secondary mass, the post-AIC MSP
mass and the mass loss during AIC, respectively (Bhattacharyya &
van den Heuvel 1991). This means that the effect of the ejected
baryonic material on the companion is neglected because of its
small amount. I calculate the post-AIC semimajor axis, a, by

a
a0

= M0 − �M
M0 − 2�M

, (2)

and then calculate the orbital period of the post-AIC systems
according to a, where a0 and M0 are the orbital separation and
the total mass of the pre-AIC system (Hills 1983). (iii) Following
the formulae in Hills (1983), I also discuss the dynamical effect of
asymmetrical AIC on the post-AIC systems by a Monte Carlo way
(see detailed discussions in Freire & Tauris 2014).

Based on the calculations in Meng & Li (2019), I may get the
parameter space in the initial orbital period – secondary mass
plane in which an ONeMg WD + MS system may become an
eccentric MSP + sdB system after AIC. To obtain the birth rate
of the eccentric MSP + sdB systems, I made two binary popula-
tion synthesis (BPS) calculations using the rapid binary evolution
code developed by Hurley, Pols, & Tout (2000), Hurley, Tout, &
Pols (2002). I assume that if the initial orbital period, Pi

orb, and the

aHere, the real spin-down timescale is generally longer than 9× 106 yr, since the mass
transfer timescale is generally shorter than 106 yr.
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Figure 1. The masses of two components of the eccentric MSP + sdB systems for
different initial WDmasses.

initial secondary mass, Mi
2, of an ONeMg WD + MS system are

located in the appropriate region in the (log Pi −Mi
2) plane for the

eccentric MSP + sdB systems at the onset of Roche lobe overflow
(RLOF), an eccentric MSP + sdB system can be produced. I fol-
lowed the evolution of 108 sample binaries, where the primordial
binary samples are generated in a Monte Carlo way. The assump-
tions and the input parameters for the Monte Carlo simulations
are the same to that in Meng & Podsiadlowski (2017), and I do
not show the repetitious details here. As I will show in the next
section, the common-envelope (CE) ejection efficiency, αCE, is a
very important parameter to affect the birth rate of the eccentric
MSP + sdB systems. Following Meng & Podsiadlowski (2017), I
take αCE = 1.0 or αCE = 3.0 (see Meng & Podsiadlowski 2017 for
details)

3. Results

3.1. Properties of the eccentric MSP+ sdB systems

Measuring the mass of a massive NS is a very important way
to constrain the EoS of NSs, and a significant progress has been
made in this field (Demorest et al. 2010; Cromartie et al. 2020).
In Figure 1, I show the masses of MSPs and sdB stars in eccen-
tric binaries from the RD-AIC scenario for different initial WD
masses. As shown in the figure, the MSPs have a mass between
1.25 and 2.2 M�. The maximum MSP mass here is much larger
than that in Freire & Tauris (2014) just because I assume that the
pre-AIC WD may be differentially rotating. The sdB stars have a
mass from 0.38 to 0.65 M� as standard binary model predicted
(Han et al. 2003). In the (MNS −M2) plane, the systems are clearly
divided into two branches, which are derived from the different
evolutionary stages of the companions and differences in mass-
transfer rates at the onset of RLOF for initial WD + MS systems
(see detailed explanation in Meng & Podsiadlowski 2017)

In Figure 2, I show the distribution of the eccentricities and the
orbital periods of the post-AIC systems. For a symmetric-collapse
assumption (panel a), the RD-AIC scenario leads to a very narrow
range of post-AIC eccentricities: 0.09–0.17, which is slightly larger

Figure 2. Panel (a): Eccentricities vs orbital periods of the systems from the RD-AIC sce-
nario for different initial WD masses, where a symmetric collapse is assumed. Panel
(b): Distributions of the eccentricities and orbital periods of the post-AIC systems
from the pre-AIC systems of [MWD/M�, M2/M� log (P/day)]= (1.5063, 0.4958, 0.4128),
(1.6829, 0.53‘5, 0.9115), (1.9070, 0.4046, 1.3820) and (2.3358, 0.4101, 1.8727), respec-
tively. The stars indicate the systems without kick, while the others show the distribu-
tions of the eccentricities and orbital periods of the systems with different small kick
velocities in unit of km/s as shown by the numbers, where the direction of the kick
velocity is generated by a Monte-Carlo way.

than that of the eccentric MSP + He WD systems from the RD-
AIC scenario because of a more massive pre-AIC WD (Freire &
Tauris 2014). However, the post-AIC orbital periods here range
from ∼1.6 to ∼150 d which is much larger than that for eccentric
MSP + He WD systems. The orbital period of a post-AIC system
mainly depends on its pre-AIC binary evolution and then on the
initial binary parameters of a WD + MS system (see also Meng &
Luo 2021).

The eccentricity and orbital period of a post-AIC system is
quite sensitive to a kick to the MSP during the AIC. I use the for-
mulae in Hills (1983) to check the potential dynamical effect to
four different systems by assuming different small kick velocities,
where the direction of the kick velocity is generated by a Monte-
Carlo way. The results are shown in the panel (b) of Figure 2.
Similar to that in Freire & Tauris (2014), the eccentricity and the
orbital period of a given system distribute in a

√
-shape region in

the (e− log Porb) plane for a relatively larger kick velocity, while in
a narrow strip for a relatively smaller kick velocity. The panel (b)
shows that for a system with an asymmetrical AIC, the post-AIC
eccentricity may be as large as 0.3, even though the kick velocity
is as small as 5 km s-1. In addition, as expected in the formulae of
Hills (1983), for a given value of the kick velocity, the longer the
pre-AIC orbital period, the larger the maximum of and then the
range of the post-AIC eccentricity.

According to the model grid calculations in Meng & Li (2019),
in Figure 3 I show the parameter spaces in (Mi

2 − log Pi) plane, in
which a ONeMgWD+MS system is assumed to lead to an eccen-
tric MSP + sdB system via the RD-AIC scenario. Comparing with
the parameter spaces for SNe Ia, the parameter spaces leading to
the eccentric MSP + sdB systems locate at the right-upper region,
i.e. their initial orbital periods are longer than 3 d and initial com-
panion is more massive than 2.5 M�, which indicates that the
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Figure 3. The parameter spaces in (Mi
2 − log Pi) plane for different initialWDmasses, in

which a ONeMgWD+MS systemmay lead to an eccentric NS+ sdB system via RD-AIC
scenario (red lines). The black lines are those for SNe Ia from Meng & Podsiadlowski
(2017, 2018).

eccentric MSP + sdB systems from the RD-AIC scenario belong
to relatively young population.

3.2. Birth rate of eccentric MSP+ sdB systems

Based on the parameter spaces, I carried out two BPS calculation
to obtain the birth rate of the eccentric MSP + sdB systems. In the
Figure 4, I show the evolution of the birth rates, ν, of the eccen-
tric MSP + sdB systems from the RD-AIC scenario for a constant
Galactic star formation rate of SFR = 5M� yr−1 (top panel) and
a single starburst of 1011 M� (bottom panel). The Galactic birth
rate of these systems is then (0.67–1.5)× 10−4yr−1, which is sig-
nificantly smaller than the total birth rate of AIC events (Wang
2018). Then, the number of the eccentric MSP + sdB systems may
be calculated by ν × τMSP, where τMSP is the lifetime of the eccen-
tric MSP + sdB systems. Assuming an optimistic lifetime of 108 yr
for the MSPs with strong magnetic fields and a typical life of 108 yr
for a sdB star (Ivanova et al. 2008), the number of the eccentric
MSP + sdB systems in the Galaxy is then 6 700–15 000, which is
similar to that of NS+ sdB systems from core collapse supernovae
(Wu et al. 2020). The delay time for the eccentric MSP + sdB sys-
tems is between 160 and 630 Myr and the peak of the birth rate for
a single starburst locates at ∼300 Myr (bottom panel). So, these
systems belong to relatively young population as their progenitor
systems indicate. Assuming the lifetime of 108 yr for sdB stars and
MSPs with strong magnetic fields, there are (6–15) such systems
in a cluster of 106 M� with an age of ∼300 Myr. This number is
much smaller than that of total AIC events in a cluster (Ivanova
et al. 2008). Considering that the dynamical interaction is very
efficient in a cluster and then the eccentric MSP + sdB systems
with a long orbital period are likely to be disrupted and to possibly
form isolated MSPs, such a number estimation could even be too
optimistic. I address this issue in Section 4 again.

3.3. Distribution of WDs

The main different assumptions between this paper and Freire
& Tauris (2014) is that the WDs before AIC may be differential
rotating, rather than just rigid rotating, and then the WD before

Figure 4. The evolution of the birth rates, ν, of the eccentric MSP+ sdB systems from
the RD-AIC scenario for two values of αCE and a constant star formation rate of SFR =
5M� yr−1 (top panel), or a single starburst of 1011 M� (bottom panel).

AIC may be more massive than 1.48 M�. However, there might
be various efficient angular momentum transfer mechanisms,
which means that different rotation patterns would be possible.
Generally speaking, the WDs are rigid rotating before AIC if their
masses are smaller than 1.48 M�. Therefore, the mass distribu-
tion of white dwarfs prior to AIC may reveal the importance of
rigidly rotating white dwarfs in the formation of eccentric MSP
+ sdB systems. In Figure 5, I show the distribution of initial WD
mass and the WD mass before AIC for different αCE. It is clearly
shown in the top panel of Figure 5 that a smaller αCE leads to the
peak of the initial WDmass distribution to move to a higher value.
This is derived from a fact that all the systems experience a CE
phase before they become the ONeMg WD + MS systems. A sys-
tem with a less massive WD is more likely to merge for a smaller
αCE value after a common envelope phase, i.e. as a result, a system
with a more massive WD is more likely to survive from the com-
mon envelope evolution and then becomes a potential progenitor
system of an eccentric MSP + sdB system.

For the distribution of the WD mass before AIC, three prop-
erties are worthy to be noticed in the bottom panel of Figure 5.
First, only about 5%–14% WDs have a mass less than 1.48 M�,
which indicates that the rigid rotation is not a dominant case for
the AIC channel. This is mainly from the fact that an ONeMgWD
generally has a large initial mass and then is easy to exceed the
limit of the rigid rotation after a mass transfer occurs between the
WD and its massive companion (more massive than 2.5 M� and
see also Figure 3). Second, the peak of the distribution moves to a
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Figure 5. The distribution of the initial WD mass (top panel) and the WD mass before
AIC (bottom panel) for two values of αCE.

lower value for a higher αCE, which is directly correlated with the
distribution of the initial WDmass (see the top panel of Figure 5).
Third, about 50%–70% WD have a mass less massive than about
1.68 M� and only about 2%–7% WDs have a mass more massive
than 2M�, although in principle, a 2.6M� WD is possible before
AIC. This means that most of the MSPs in the eccentric MSP +
sdB systems have a mass less massive than ∼1.5 M�, which pro-
vides another information to be verified by a large sample of the
eccentric MSP + sdB systems in the future.

Figure 6 presents the distributions of WD and its companion
masses at the moment of AIC in theMWD −M2 plane. Here, I only
present the case of αCE = 1.0 and the case of αCE = 3.0 is similar to
that. According to Figure 6, readers may also obtain the distribu-
tions of the MSP and sdB masses in eccentric MSP + sdB systems
in aMNS −M2 plane, as shown in Figure 1. Similar to Figure 1, the
systems are also clearly divided into two branches in theMWD-M2
plane, i.e. no system locates at the region around MWD ∼ 2.1 M�
andM2 ∼ 0.52M�. For theWDs of less than 1.5M�, the masses of
sdB stars focus on ∼ 0.5M�, while for the WDs of higher than 2.0
M�, the sdB stars have a mass less than 0.48M�. The two-branch
distribution here provides a way to examine the predictions in this
paper by a large sample in the future.

4. Discussions and conclusions

In this study, inspired by the suggestion of Freire & Tauris (2014)
that the RD-AIC scenario may account for the formation of
eccentric MSP + He WD systems, I estimate that there could

Figure 6. The distributions of WD and sdB masses at the moment of AIC in the MWD −
M2 plane, where αCE = 1.0. The basic properties for the case of αCE = 3.0 is similar.

be 6 700–15 000 eccentric MSP + sdB systems in the Galaxy.
Their orbital parameters are also predicted; for instance, under the
assumption of symmetric collapse, their eccentricities lie between
0.09 and 0.17 (see Figures 1 and 2), with most MSPs having masses
below 1.5M�. The formation of such systems requires mass trans-
fer to initiate during the HG phase in an initial ONeMgWD+MS
binary. The delay time for their emergence is on the order of sev-
eral hundred Myr, peaking at ∼300 Myr. Therefore, these systems
are expected to be found in relatively young environments such as
the Galactic thin disk. In particular, if the associated AIC involves
only a low kick velocity, the resulting systems are likely to possess
low peculiar velocities and follow disk-like orbits in the Galaxy.
A future detection of eccentric MSP + sdB binaries would thus
offer additional indirect evidence in support of the AIC process.

4.1. Eccentric MSP+ HeWD systems

To account for the observed properties of the eccentric MSP +
He WD systems, Freire & Tauris (2014) adopt a WD delay time
longer than 109 yr, while a pseudo-spin-down timescale of 107 yr
is assumed in this work. The extended delay time in Freire &Tauris
(2014) is motivated by two considerations. First, prior to AIC,
the red giant companion is assumed to evolve into a white dwarf,
terminating mass transfer. Consequently, after AIC, the resulting
eccentricMSP+HeWD systemmay retain its orbital eccentricity.
Second, a longer delay allows the super-Chandrasekhar WD suffi-
cient time to cool before undergoing RD-AIC. Furthermore, Freire
& Tauris (2014) assume rigidly rotating super-Chandrasekhar
ONeMg WDs, which restricts their masses to below 1.48 M�
(Yoon & Langer 2004). In contrast, our model incorporates dif-
ferentially rotating WDs, permitting masses exceeding 2 M�, as
illustrated in Figures 5 and 6. If our assumptions prove viable for
eccentric MSP + sdB systems, they may, in principle, also offer a
plausible explanation for the observed eccentric MSP + He WD
systems.

The assumed spin-down timescale of 107 yr is consistent with,
and at least does not conflict with, the two constraints mentioned
above. First, a delay time of ∼107 yr is certainly sufficient to allow
a WD of ∼0.3 M� to enter the cooling branch of WD before
AIC occurs (Chen, Meng, & Han 2017; Chen et al. 2017). Second,
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although the timescale to undergo RD-AIC remains highly uncer-
tain, i.e. in a range of 105–109 yr, depending on the redistribution
of angularmomentumwithin super-Chandrasekhar ONeMgWDs
(Yoon & Langer 2004, 2005), it is still plausible for an AIC to occur
in a super-Chandrasekhar ONeMgWD in ∼107 yr, particularly in
systems hosting WDs as massive as 2.4 M� (Hachisu et al. 2012;
also Meng & Podsiadlowski 2013).

The mass of a NS in an eccentric binary system can be deter-
mined through measurements of relativistic Shapiro delay or the
rate of advance of periastron (Demorest et al. 2010; Özel & Freire
2016; Cromartie et al. 2020). While some properties of MSP
systems are well explained by the RD-AIC scenario (Freire &
Tauris 2014; Wang & Gong 2023), others remain challenging, for
instance, some observed pulsar masses substantially exceed the
predictions under the rigid-rotation RD-AIC hypothesis proposed
by Freire & Tauris (2014) (Barr et al. 2017; Serylak et al. 2022).
If eccentric MSP systems originate from a differential-rotation
RD-AIC channel, the orbital eccentricity could be used to infer
the pre-AIC WD mass of the NS via Equation (1). Consequently,
the measurement of the NS mass and the eccentricity may shed
light on the formation origin of eccentric MSPs. As an illustra-
tion, Figure 7 presents the relation between pre-AIC WD mass
and post-AIC NS mass under the assumption of symmetric col-
lapse, alongside observational data for eccentric MSP + He WD
systems (also assuming symmetric collapse). These systems align
closely with the theoretical relation predicted by the RD-AIC
scenario, suggesting that provided differentially rotating ONeMg
WDs exist, such systems could indeed originate from RD-AIC.
Similarly, future discoveries of eccentricMSP+ sdB systems could
further help to clarify the origin of eccentric MSP + He WD
binaries. Another noteworthy feature in Figure 7 is that three
of the five observed eccentric MSP + He WD systems contain
MSPs with masses below 1.5 M�, consistent with the prediction
shown in Figure 5. This highlights the need for future detailed BPS
studies that incorporate differential rotation, rather than relying
solely on rigid-rotation assumptions (e.g. Wang & Gong 2023).
Additionally, detailed binary evolution calculations confirm that
super-Chandrasekhar WDs exceeding 2 M� indeed form from
WD + red giant systems when differential rotation is taken into
account (Chen et al. 2017). Finally, the slight deviation of PSR
J1950+2414 from the theoretical relation in Figure 7 may indicate
the presence of a small kick imparted to the MSP during the AIC
process.

4.2. Uncertainties and potential applications for eccentric
MSP+ sdB systems

Compared to the circular MSP + He WD binaries, systems with
eccentric orbits are exceptionally rare, accounting for only about
2%. In addition to the RD-AIC channel, neutron stars originating
from core-collapse supernovae may also form MSP + sdB sys-
tems via the standard recycling process (Wu et al. 2018). Based
on BPS simulations in Wu et al. (2020), I estimate that the frac-
tion of eccentric MSP + sdB systems could be as high as 55%
among all MSP + sdB binaries, which is significantly larger than
the 2% observed for MSP + He WD systems. However, the pre-
dicted Galactic population of eccentric MSP + sdB systems is
highly sensitive to the lifetime of strongly magnetised MSPs, with
108 yr likely representing a conservative upper limit. For instance,
magnetars can have characteristic ages as short as 103 yr (Igoshev,
Popov, & Hollerbach 2021), implying that the expected number

Figure 7. Pre-AIC WD mass vs. post-AIC NS mass with an assumption of differential
rotation, symmetric collapse andejection of baryonicmaterial of 0.02M� (solid line), or
0.01 and 0.03 M� (dotted line), respectively. The stars present observed results, where
the symmetric collapse is assumed. Red stars show the systems with precise measure-
ment of NS mass and eccentricity, while the green one shows the results where the
NSs are assumed to have a mass of 1.25–1.45 M� with a median of 1.35 M� and the
companions are assumed to be He WDs. The observational dada are from Barr et al.
(2017), Octau et al. (2018), Stovall et al. (2019), Zhu et al. (2019) and Serylak et al.
(2022).

of eccentric MSP + sdB systems arising from the RD-AIC sce-
nario may be less than one. Furthermore, the spin-down timescale
preceding AIC also plays a critical role in determining the abun-
dance of such systems. In this work, I adopt a pseudo-spin-down
timescale of τsp = 107 yr, motivated by observational constraints
from type Ia supernovae. In principle, however, τsp prior to an AIC
event could be considerably longer than 107 yr, given the funda-
mental physical differences between AIC and type Ia explosions.
Should τsp substantially exceed 108 yr, the sdB companion would
evolve into a CO WD before AIC occurs. In that case, the RD-
AIC channel would not produce eccentricMSP+ sdB systems, but
rather eccentric MSP/NS + CO WD binaries. Consequently, the
numbers predicted here for eccentric MSP + sdB systems should
be regarded as a very conservative upper limit. Even if all post-AIC
MSPs formed via RD-AIC exhibited lifetimes typical of normal
MSPs, the population of eccentric MSP + sdB systems would still
be roughly an order of magnitude smaller than that of normal
MSP binaries (Bhattacharyya & Roy 2021). Finally, future detec-
tions of eccentric MSP + sdB systems may help clarify whether
the observed prevalence of very low magnetic fields among MSPs
is intrinsic or a selection effect resulting from their longer lifetimes
(Freire 2013).

A comparison between the predicted upper limit on the total
number of eccentric MSP + sdB binaries in the Galaxy and the
currently observed population of such systems could impose a
strong constraint on either the lifetime of post-AIC MSPs or the
spin-down timescale prior to AIC. Currently, there are approxi-
mately 550 known regular MSPsb and an underlying population of
MSPs of about 83 000 (Levin et al. 2013; Lorimer 2013). Assuming
no significant selection effects against their detection, these repre-
sent 550/83 000∼ 0.66% of all regular MSPs in the Galaxy. Based
on this detection fraction, and considering that the predicted

bhttps://pages.astro.umd.edu/eferrara/GalacticMSPs.html.
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orbital characteristics of eccentric MSP + sdB systems are not too
extreme, one would expect to observe between 45 and 100 such
systems. Yet, none have been detected. This non-detection implies
that the lifetime of eccentric MSP + sdB systems formed via AIC
could be shorter than 106 yr, or alternatively, that the pseudo-spin-
down timescale for AIC is close to 108 yr. Consequently, based
on the observational constraints, the upper limit of the number of
such systems could be 1 500.

In such systems, the sdB stars possess masses between 0.38
and 0.65 M�, and therefore typically do not undergo a red-giant
phase (Justham et al. 2011). Given their relatively long orbital
periods, these eccentric MSP + sdB binaries will avoid a stable
Roche lobe overflow mass-transfer phase, meaning their orbital
eccentricity remains unchanged until they evolve into eccentric
NS + COWD systems. Consequently, the population of eccentric
NS+COWD systems originating from eccentric MSP+ sdB pro-
genitors is inherently older than that of the MSP + sdB systems
themselves. A future statistical comparison between the observed
populations of eccentric MSP + sdB systems and their descendant
eccentric NS + CO WD systems could thus provide a meaning-
ful test of the RD-AIC scenario. Regrettably, no systems matching
these predictions have yet been identified in the Galactic field.

One question remains to be addressed: why have eccentric
MSP + He WD systems been observed, but not eccentric
MSP + CO WD systems in Galactic field? Three facts may con-
tribute to this. First, the optimistic estimated number of eccentric
MSP+ sdB systems, and hence the optimistic number of potential
eccentric MSP + CO WD systems originating from the RD–AIC
scenario, is at least one order of magnitude smaller than that of
eccentric MSP + He WD systems (Wang & Gong 2023). Second,
even under the most optimistic estimates for the population of
eccentric MSP + sdB systems, the resulting eccentric MSP + CO
WD descendants are expected to be rare, since, as discussed ear-
lier, such MSPs are likely to evolve into normal pulsars or neutron
stars in graveyards. Additionally, it is crucial to note that the very
conservative upper limit of 55% for the eccentric fraction among
MSP + sdB systems cannot be directly extrapolated to the MSP +
COWD population. This is because the latter forms through mul-
tiple channels, and the RD–AIC scenario likely constitutes only a
minor fraction of these systems. (Tauris et al. 2012; Chen & Liu
2013; Wang, Podsiadlowski, & Han 2017; Wang & Liu 2020).

It is widely believed that the MSPs observed in globular clus-
ters (GCs) originate from the AIC channel (van den Heuvel 2010).
However, given the advanced ages of GCs, no eccentric MSP +
sdB systems have been detected within them to date. Such sys-
tems would eventually evolve into a normal pulsar + CO WD
stage while retaining their orbital eccentricity. Notably, systems
like J1750-3703A and J1824-2452Dmay represent this population,
as they exhibit moderately eccentric orbits, host a slowly rotating
pulsar, and have companion mases and orbital periods consistent
with theoretical predictions.c

Moreover, Podsiadlowski et al. (2005) proposed that if a NS
originates from an electron – capture collapse, measuring its mass
could help constrain the EoS of NSs by examining the relationship
between the pre – collapse and post – collapse masses. Similarly,
a pre – AIC to post – AIC mass relation could also constrain the
NS EoS, since the AIC process is itself a form of electron - cap-
ture collapse. The eccentric MSP + sdB systems, if they are indeed

cPlease see P. Freire’s Web site https://www.naic.edu/pfreire/GCpsr.html.

from the RD-AIC scenario, offer a promising avenue for such con-
straints, as both the pre-AIC and post-AIC masses of the NS may
be determined with high precision.

Spinning NSs with non-axisymmetric distortions resulting
from solid deformation or excited fluid oscillation modes can emit
continuous gravitational waves (CGWs) (Alford & Schwenzer
2015; Chen 2021). An asymmetric rapid RD-AIC event could
produce such distortions, potentially leading to detectable CGW
signals in future observing runs of Advanced LIGO and Virgo
(Abbott et al. 2020). Combined with precise NS mass measure-
ments, the detection of CGWs could offer direct insights into the
EoS of NSs (Glampedakis & Gualtieri 2018).

Finally, the results presented here rely on the standard
common-envelope wind model, in which several parameters
remain highly uncertain, for instance, the adopted CE density
(Meng & Podsiadlowski 2017). Given the uncertainties associ-
ated with the CE density, the lower limit of the orbital period
shown in Figure 2 could be overestimated by up to an order of
magnitude.
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