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Abstract PSR J1946 + 3417 is a millisecond pulsar (MSP) with a spin period P ~ 3.17 ms. Harbored in a
binary with an orbital period P, ~ 27 days, the MSP is accompanied by a white dwarf (WD). The masses
of the MSP and the WD were determined to be 1.83 M, and 0.266 M, respectively. Specially, its orbital
eccentricity is e ~ 0.134, which is challenging the recycling model of MSPs. Assuming that the neutron
star in a binary may collapse to a strange star when its mass reaches a critical limit, we propose a phase
transition (PT) scenario to account for the origin of the system. The sudden mass loss and the kick induced
by asymmetric collapse during the PT may result in the orbital eccentricity. If the PT event takes place after
the mass transfer ceases, the eccentric orbit cannot be re-circularized in the Hubble time. Aiming at the
masses of both components, we simulate the evolution of the progenitor of PSR J1946 + 3417 via MESA.
The simulations show that an NS / main sequence star binary with initial masses of 1.4 + 1.6 My in an
initial orbit of 2.59 days will evolve into a binary consisting of a 2.0 Mz MSP and a 0.27 Mz WD in an
orbit of ~ 21.5 days. Assuming that the gravitational mass loss fraction during PT is 10%, we simulate the
effect of PT via the kick program of BSE with a velocity of opt = 60 km s™'. The results show that the
PT scenario can reproduce the observed orbital period and eccentricity with higher probability than other

values.
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1 INTRODUCTION

Pulsars with weak surface magnetic fields (B ~ 108 —
10° G) and short spin periods (P < 20 ms) are known as
millisecond pulsars (MSPs). They are neutron stars (NSs)
which were spun up to millisecond period in low-mass X-
ray binaries (LMXBs) by the accretion of mass and angular
momentum (Manchester 2004; Lorimer 2008). This is the
widely accepted standard recycling model (Alpar et al.
1982; Radhakrishnan & Srinivasan 1982; Bhattacharya
& van den Heuvel 1991). Harbored in pre-LMXBs with
initial orbital periods longer than the so-called bifurcation
period (Pylyser & Savonije 1989), the donor stars always
lose their hydrogen envelopes and evolve into He white
dwarfs (WDs). Considering the tidal interaction with a
long timescale during the mass transfer, MSPs are expected
to be found in binaries with circularized-orbits (Phinney
1992) unless they have ever experienced some dynamical

processes in dense globular clusters (Verbunt et al. 1987
Verbunt 1988).

The discovery of several eccentric MSP (eMSP)
binaries presented a challenge to the recycling model. PSR
J1903+0327 (hereafter J1903) is the first reported eMSP
located in the Galactic field. Accompanied by a G-type
main sequence (MS) star, the eccentricity of this source
is e ~ (.44 (Champion et al. 2008). Liu & Li (2009)
suggested that it is a newborn NS which is experiencing an
accretion from the supernova fallback disk, while another
evolutionary channel suggests that it originates from a
hierarchical triple system (Freire et al. 2011; Portegies
Zwart et al. 2011; Pijloo et al. 2012). PSR J1618—3921
(hereafter J1618) is the second reported Galactic field
eMSP with e ~ 0.027 (Bailes 2010). Its spin period is
P ~ 12 ms, and the orbital period is P, ~ 22.7 days.
According to its mass function, the companion star should
be a He WD (Octau et al. 2018).
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Subsequently, four Galactic field eMSPs with sim-
ilar orbital properties have been discovered. They are
PSRs J22344-0611 (hereafter J2234, Deneva et al.
2013), J1946+4-3417 (hereafter J1946, Barr et al. 2013),
J1950+4-2414 (hereafter J1950, Knispel et al. 2015), and
J0955—6150 (hereafter J0955, Camilo et al. 2015). As
listed in Table 1, they share some similar properties,
i.e., (1) orbital eccentricities vary from 0.08 to 0.14,
(2) accompanied by He WDs with masses from 0.2 to
0.3 My, (3) orbital periods lie in the range from 22 to 32
days, (4) their short spin periods (P < 5.0 ms) which
indicate long-lasting mass transfer episodes during their
LMXB phase. Their strong similarities are not expected
to result from the disruption of triple systems like J1903,
since such a chaotic process should produce a wide range
of orbital eccentricities and orbital periods.

At present, three evolutionary channels forming eM-
SPs were proposed. First, the accretion-induced collapse
(AIC, Nomoto et al. 1979; Miyaji et al. 1980; Taam
& van den Heuvel 1986; Canal et al. 1990; Nomoto &
Kondo 1991) of massive ONe WDs may produce MSPs
(for review, see Wang & Liu 2020). Freire & Tauris
(2014) suggested that these eMSPs were formed by the
rotation delayed AIC (RD-AIC) of massive ONe WDs
with masses of ~ 1.2 M. In a binary consisting of a
massive ONe WD and an MS companion, the evolving
MS star will transfer hydrogen-rich material onto the WD
when it overflows its Roche lobe. For a rapidly rotating
WD, its mass can exceed the Chandrasekhar limit without
collapsing to an NS (Yoon & Langer 2004). When the mass
transfer ceased, the WD will spin-down. If the centrifugal
forces cannot sustain the hydrostatic equilibrium, the WD
will collapse. The sudden released gravitational binding
energy during the collapse will imposes eccentricity on
the circular orbit. Since the re-circularization timescale
are generally much longer than the Hubble time (Zahn
1977; Hut 1981), such MSP/He WD binaries will be
eMSP binaries. Second, Antoniadis (2014) proposed a
circumbinary (CB) disk scenario. He suggested that the
dynamical interaction between the binary and a CB disk
may cause the eccentricity. In this scenario, the CB disk
originates from the escaping material from the donor star
during hydrogen-shell flash shortly before the WD cooling
phase. Adopting the linear perturbation theory given by
Dermine et al. (2013), his calculation show that a CB disk
with a fine-tuned lifetime as long as ~ 10° years and a
mass around ~ 10~% M, could result in an eccentricity of
0.01 < e < 0.15 for post-LMXBs with orbital periods
between 15 and 50 days. Third, considering that phase
transition (PT) from NSs to strange stars (SSs) may occur
when the core density of accreting NSs in LMXBs reaches
the critical density for quark de-confinement, Jiang et al.
(2015) (hereafter Paper 1) argued the NS-SS PT scenario.
Similar to the RD-AIC model, the calculation in Paper 1
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shows that the sudden gravitational mass loss of the NS
during PT can produce the observed eccentricities.

Recently, accurate mass measurements of some
eMSPs were reported, which may provide some clues
on their formation channel. As shown in Table 1, the
measurement of J2234 yields M; ~ 1.35 M, for the MSP
and My ~ 0.30 M, for its companion (Stovall et al. 2019).
Based on the timing observations of J1950 from the data
of Arecibo ALFA pulsar survey, Zhu et al. (2019) derived
My ~ 1.50 Mg, and My ~ 0.28 Mg for the MSP and
the WD, respectively. It seems that the mass measurements
of both J1950 and J2234 prefer to the RD-AIC scenario.
However, this scenario tends to produce a low-mass MSP.
Even if the mass increase of WD due to differential rotation
are considered, a specific accretion rate is also difficult
to satisfy (Yoon & Langer 2004). Therefore, the RD-
AIC scenario is difficult to account for the formation of
J1946 with a high MSP mass (M; ~ 1.83 My) (Barr
et al. 2017). Furthermore, CB disks surrounding the binary
MSPs can result in the formation of eMSPs with high
NS masses, whereas the hydrogen-shell flashes generally
exist in the final evolutionary stages of LMXBs, which
is contrary to the rarity of eMSPs in the binary MSPs
population. As a peculiar eMSP, the formation of PSR
J1946 is difficult to understand by the RD-AIC or CB disk
scenario. Employing a detailed binary evolution model,
in this work we attempt to diagnose whether the NS-SS
PT scenario can be responsible for the formation of PSR
J1946.

This paper is arranged as follows. The NS-SS PT
scenario is discussed in Section 2, whereas the stellar
evolution code and the spin evolution of NS are described
in Section 3. The simulated results and the influence of
PT kick on the evolution of post-LMXBs are presented
in Sections 4 and 5, respectively. Finally, we give a brief
summary in Section 6.

2 STRANGE STAR SCENARIO

Considering that the strange quark matter is most stable,
the concept of SS was proposed (Itoh 1970; Bodmer 1971;
Farhi & Jaffe 1984; Witten 1984; Alcock et al. 1986;
Haensel et al. 1986; Xu 2003; Lai & Xu 2009; Liu et al.
2012), i.e., some pulsars may be SSs instead of NSs.
Believing that both NSs and SSs coexist in the Universe,
it was argued that NS-SS PT may occur when the central
density of an NS rises above the quark de-confinement
density (Berezhiani et al. 2003; Bombaci et al. 2004, 2008;
Zhu et al. 2013; Bombaci et al. 2016; Drago et al. 2016;
Bhattacharyya et al. 2017; Wiktorowicz et al. 2017; Hou
et al. 2018; Alvarez-Castillo et al. 2019).

Studying the equation of state (EoS) of neutron-
rich matter, Staff et al. (2006) propose that the critical
density for quark de-confinement is about five times of
the nuclear saturation density. For a rapidly spinning NS,
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Table 1 Some Observed Parameters of Six Known Galactic Field eMSPs

PSR P (ms) P(ss™1) P, (days) e My (Mg) Mz (Mg) Companiontype 7( Gyr)* Ref.

J1903 215  1.88 x 10~20 95.2 0.437 1.08* MS 1.81 Freire et al. (2011)
J1618  11.99  5.41 x 10~20 22.7 0.027 0.20* He WD 3.51 Bailes (2010)
12234 3.58 1.2 x 10720 32.0 0.129 1.353 0.298 He WD 4.72 Stovall et al. (2019)
J1950  4.30  1.88 x 10~20 222 0.080 1.496 0.28 He WD 3.63 Zhu et al. (2019)
J1946 317  3.12x 1072 27.02 0.1345 1.828 0.2656 He WD 16.1 Barr et al. (2017)
J0955  2.00 — 24.6 0.11 > 0.21 He WD - Camilo et al. (2015)

Notes: * 7 = P/ 2P, the characteristic age; x: No further measurement available, here is the median masses derived from the mass function
assuming a random distribution of orbital inclinations and a pulsar mass of 1.35 M. See http://www.atnf.csiro.au/research/pulsar/

psrcat, Manchester et al. (2005).

the centrifugal force might reduce the central density and
increase the maximum mass. With spin period P, this can
be expressed as (Hartle 1970; Baym et al. 1971):

M(P) = M.(0) 4+ 6 M (Puin/P)?, (1)
where P, is the minimum spin period (in this work,
we take Ppnin = 1ms ), M.(0) is the maximum mass

of the non-rotating NS, M denotes the rotation induced
maximum mass increase. Lasota et al. (1996) found that
for a rigid rotating NS, M /M. (0) ~ 20% while Morrison
et al. (2004) and Haensel et al. (2007) derived that this ratio
is about 50% for a differentially rotating NS.

In current work, we take M.(0) = 1.8 M (Akmal
et al. 1998), and 0 M = 0.4 M (Lasota et al. 1996). The
PT process is assumed to take place when the mass of the
NS, Mns, exceeds its maximum mass at a spin period of
P, M.(P). It can occur in the spin-up stage induced by
the accretion, or in the spin-down stage of NS after the
accretion ceased. The latter is defined as delayed PT, which
can be applied to J1946.

In the recycling stage, the NS would be spun up by
accreted material from the donor star. Cheng & Zhang
(2000) derived an expression for the spin period evolution
of the NS:

Mys — Mnsi\
P:max[l.l(NSNs’]) R65/14
Mg

M —1/2
X Ls (NS> , P

where Rg is the radius of the NS in units of 10® cm, I3
is the moment of inertia of the NS in units of 10%° g cm?,
(R¢ = I45 = 1 in this work), and Mg ; is the initial mass
of the NS.

The difference between the gravitational masses of NS
and SS with the same baryon number is also widely studied
(Bombaci & Datta 2000; Drago et al. 2007; Marquez &
Menezes 2017). It is generally thought AM = Myg —
Msgs =~ 0.15 My, for NS with a mass of Mys ~ 1.5 Mg,

1 A lower value may also be possible. For instance, Schaffner-Bielich
et al. (2002) suggest that the difference of the gravitational masses
between NS and hyperon star is >~ 0.03 M.

i.e., the mass loss ratio AM /Mg during PT is about 10%.
Following their researches, in this work, we take the mass
of SS Mgg = 0.9Mng. Assuming J1946 is an SS formed
via NS-SS PT, the mass of the NS before PT can be derived
to be 2.00—2.06 M, according to the current mass Mgg =
1.828(22) My (Barr et al. 2017).

The detailed PT process from baryons to quarks is not
well understood. Olinto (1987) and Horvath & Benvenuto
(1988) believed that the PT will last around 10% yr as a
gradual process, while many researchers argued that the
process might be a detonation mode with timescale from
several milliseconds to ~ 10 seconds (Cheng & Dai 1996;
Ouyed et al. 2002; Shu et al. 2017; Prasad & Mallick
2018; Zhang et al. 2018; Mariani et al. 2019; Ouyed et al.
2013, 2020; Mallick et al. 2020). Their studies show that
the energy released during PT is compatible with a core
collapse supernova (CCSN). We consider that the PT takes
place in the core of NS like CCSN, and a kick velocity Vi is
imparted to the new born SS due to a spherical asymmetric
collapse®. Since the mass transfer timescale is of order of
108yr, the binary orbit before PT is assumed to be circular.
Setting the positional angle of Vi with respect to the pre-
PT orbital plane as ¢, and the angle between Vi and the
pre-PT orbital velocity Vj as 6, then the ratio between the
semi-major axes before and after PT is (Hills 1983; Dewi
& Pols 2003; Shao & Li 2016)

ap MT

— =2

a 7m(1+1/+2l/cos 9), (3)

where v = Vi/Vy, Vo = (2nGMr/Py)'/?, Py and
M are the orbital period and the total mass of the binary
before PT, respectively. Because of the influence of sudden
mass loss and the kick, the eccentricity after PT satisfies
(Hills 1983; Dewi & Pols 2003; Shao & Li 2016)

_ @My
a(MT — AM)

+ 1%(cos?0 + sin?6 sin%ﬁ)} .

e2=1 [1+2ucos€

“

The kick velocity distribution during PT is described
as a Maxwellian distribution with one-dimensional rms

2 The disruption of spherical symmetry might originate from the fast
rotation of N'Ss or the dipole magnetic field. However, the detailed process
is currently poorly understood.
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Fig.1 Mass evolution of Model A. The solid, dashed, and
dotted curves represent the NS mass, the donor star mass,
and the critical mass, respectively. Since the mass of the
NS is always lower than its critical mass, the PT process is
delayed to the spin-down stage after RLOF ceases.

opr. By analysing the proper motions of 233 pulsars
Hobbs et al. (2005) obtained a mean speed of 54(6)kms ™ *
for recycled pulsars. Employing the rapid binary popu-
lation synthesis (BPS) code (Hurley et al. 2000, 2002)
and a weak kick velocity of opy = 60 km s~!, Jiang
et al. (2020) (hereafter Paper 2) studied the formation of
isolated MSPs via NS-SS PT (a similar work is performed
by Nurmamat et al. 2019). Paper 2 shows that, almost all
the PT processes take place at the Roche Lobe overflow
(RLOF) stage. However, it is also possible to take place
after mass transfer ceases, and induce the formation of
eccentric binary MSPs like J1946.

3 SIMULATION DESCRIPTION
3.1 Binary Evolution

To obtain the orbital properties of J1946 before PT, we
simulated the evolution of its progenitor via MESAbinary
in MESA (version r — 9575) (Paxton et al. 2011, 2013,
2015). The starting point of the simulation is a circular
binary system containing a primary NS and a zero-age
MS companion star with a solar composition (X = 0.70,
Y =0.28 and Z = 0.02).

During the mass transfer, we adopt the accretion
efficiency f = 1 —a— 8 — ¢ described by Tauris & van der
Klis (2006), where o and (3 are the fraction of mass lost
from the vicinity of the donor and the NS, respectively,
while § is the fraction of mass lost as coplanar toroid
circling the binary. In current work, « = § = 0 is adopted.
In addition, a fixed Eddington accretion rate of the NS,
MEdd = 1.8 x 10~8 Mg yrfl, is also considered, i.e.,
Mys = min(ff]\./[d, MEdd), which may cause some more
mass loss from the vicinity of the NS. Besides the angular
momentum loss due to mass loss as fast winds (Paxton
et al. 2015; Deng et al. 2021), effects of gravitational
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Fig.2 Orbital period evolution of Model A.

radiation (Landau & Lifshit’s 1959; Faulkner 1971) and
magnetic braking (with v = 3.0, Rappaport et al. 1983;
Paxton et al. 2015; Deng et al. 2020) are also considered.

3.2 Spin Evolution

For a delayed PT pulsar, its spin evolution can be divided
into three stages. The first one is the spin-up process (see
also Eq. (2)) during the recycling stage. The second one
is the spin-down stage from the endpoint of RLOF (the
stellar age is t1) to the beginning of the NS-SS PT, in
which the timescale is denoted by o (it is also defined
as the delay time). The third stage is the spin-down stage
after PT (as an SS), denoting with a timescale t3. Due to
the uncertainties of EOS, the changes of spin period and
magnetic field caused by PT are ignored.

The MSP is assumed to spin down according to a
power law (Lyne et al. 1975), i.e., the spin period derivative
P =K P(2=1)_ where n is the braking index, and K
is always a constant (indeed, it may also vary due to the
evolution of magnetic field (Lyne et al. 1975)). Taking
R¢ = I;5 = 1, pure magnetic dipole radiation model
(n = 3) with the magnetic inclination angle x = 90°
predicts a spin period derivative of the MSP as follows

P=098x10"2P 'B2ss7 !, ©)

where P, is the spin period in units of 1 ms, Bg is the
surface magnetic field in units of 10% G (Woan et al. 2018).

Considering both the effect of residual field (Ding
et al. 1993), and long term exponential decay (Urpin et al.
1994; Guseinov et al. 2004) with tp = 10® yr (Bransgrove
et al. 2018; Xie & Zhang 2019)3, we assume

B = max|Boexp(—t/tp), Bmin] (6)

where By and B,,;, are the initial value and the minimum
of surface magnetic field, respectively. In this work, we

3 Smaller or larger values are also derived, for example, 3 x 10 yr
(Guseinov et al. 2004), and 1.8 x 10° yr (Bransgrove et al. 2018). See
Sun & Han (2002); Ruderman (2010), for review.
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Fig.3 Evolution of the mass transfer rates. Dotted curve:
the donor star. Solid curve: the NS.

adopt a typical initial magnetic field of MSPs By = 10° G,
and B, = 10® G following Ding et al. (1993), which is
similar to the current value 1.01 x 102 G of J1946 (Barr
et al. 2017).

4 SIMULATED RESULTS
4.1 An evolutionary Example

With initial parameters, NS mass Mys; = 1.4Mg,
companion mass My; = 1.6 M, orbital period P, ; =
2.59 days, and 8 = 0.5 (which yields an accretion
efficiency of 0.5, Podsiadlowski et al. 2002), we evolve
Model A as a typical example. The masses evolutions of
both the NS and the donor star are illustrated in Figure 1.
The critical mass M. (P) of NS-SS PT is denoted by the
dashed curve. It is clear that the NS mass is always lower
than the critical mass during the mass transfer. This implies
that the PT event will be delayed to the spin-down stage
of the NS after the mass transfer ceases. Since the mass
transfer timescale is as long as ~ 0.7 Gyr, the binary orbit
will be circularized during RLOF, and keep circular until
the PT takes place. As a result, for NSs without PT, the
binary MSPs will be observed in circular orbit.

Figure 2 plots the orbital period evolution of Model
A. Before the mass transfer or in the initial stage of the
mass transfer, the orbit of pre-LMXB slowly shrinks in
a timescale of ~ 1.8 Gyr due to the angular momentum
loss driven by the magnetic braking. During the mass
transfer (~ 1.8 — 2.5 Gyr), the orbital period of LMXB
gradually increase because the mass is transferring from
the light donor star to the massive NS. After RLOF ceases
(at the stellar age t; ~ 2.5 Gyr), the orbital period is
approximately constant since the angular momentum loss
induced by gravitational wave radiation in such a wide
binary is very weak.

Figure 3 illustrates the evolution of the mass transfer
rates. Since the material is transferring from the massive
donor star to the light NS, mass transfer occurs on the
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Fig.4 Evolution of spin period of Model A. The solid, and
dotted curves represent the spin-up (during RLOF) and the
spin-down (mass transfer ceased) stages, respectively. The
dashed curve denotes the evolution of critical period. In
the insert panel, the cross point between the dashed and the
dotted curves corresponds to the moment that the PT takes
place, and the dashed-dotted line indicates the current spin
period of J1946.

thermal timescale with a high rate (~ 1078 Mg yr—1).
Once the mass ratio is below 1, the mass-transfer rate will
decreases to ~ 10~ Mg, yr~! sharply. The narrow single
peak at the stellar age of ~ 2.5 Gyr is caused by the
hydrogen-shell flash while the upper edge of the solid line
in it reached the Eddington accretion rate. Since the flash
may occur in most LMXB evolutions, formation of the CB
disk and its effect (which is not considered in the current
work) requires more study.

Spin period evolution of Model A is illustrated in
Figure 4. The solid and dotted curves represent the spin-
up and spin-down evolutionary stages, respectively. The
dashed curve denotes the critical period that the PT occurs,
which can be derived by M. (P) = Mys and Equation (1).
In the insert panel, the cross point between the dashed and
the dotted curves indicates the moment that the PT occur,
which is at about 5 Myr (delay time, t5) after the mass
transfer ceases. Furthermore the total spin-down timescale
is tg 4+ t3 ~ t3 ~ 9 Gyr.

4.2 Selected Models

The input parameters and the simulated results of
some models are summarized in Table 2. Their initial
parameters, Mys i, Mq; and P, ; are selected to evolve
pre-LMXB to the progenitor of J1946 at the endpoint of
RLOF, which is characterized by following points: (1) the
final mass of the NS is 2.00 My < Myss < 2.06 Mg;
(2) the companion is a He WD with a mass of 0.2640 <
Mas < 0.2680 Mg (Barr et al. 2017). According to
the relation between the WD mass and the orbital period
(Tauris & Savonije 1999), all models predict a narrow final
orbital period range: 20.8 < P, ¢ < 22.1 days.
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Table 2 Simulation for PSR J1946: Some Fine-tuned
Examples

[Model A Model B Model C Model D| 11946
B 0.5 0.5 0.3 0.5
Mns,i (Me) 1.40 1.35 1.40 1.60
Mg ; (M) 1.60 1.80 1.30 1.20
P, ; (days) 2.59 2.46 2.87 2.77 -
Mg (Mge) 0.2651 0.2643 0.2651 0.2656 |0.2656(19)
t1 (Gyr) 25 1.7 4.6 6.3 -
P, ¢ (days) 2147 2083 21.64 22.10 27.02
Lwp (Le/1000)| 0.23 0.16 0.67 1.15 -
Twp,er (1000K)| 5.0 4.6 6.3 72
Mns,¢ (Mo) 2.01 2.05 2.06 2.03
M. s (M) 2.05 2.13 2.10 1.93
Delayed PT Yes Yes Yes No -
Mss (Mg) 1.809  1.845 1.854 - 1.828(22)
Py (ms) 1.274  1.106  1.164 - -
P ¢ (ms) 1.383  1.277  1.235 - 3.17
to (Myr) 49 7.1 2.8 - -
t3 (Gyr) 8.9 9.5 9.3 -
tr (Gyr) 114 11.2 13.9 -

As shown in Table 2, the NS is spun up to P, at the
endpoint of RLOF. Inserting P, into Equation (1), one
can derive the critical mass M. ;. Comparing with the
final mass of the NS, we find that, similar to Model A,
Models B and C are expected delayed PT models since
Mc¢ > Mns,. The PT will occur when the NSs spin
down to the critical spin period, P ¢, which is derived
by M.(P) = Mg, and Equation (1). For Model D, the
NS-SS PT will take place during its RLOF stage. In the
following evolution, the SS accretes a mass > 0.1 M, in
a timescale of > 107 yr and its orbit is re-circularized.
Since delayed PT models are much rare (result of Paper
2), the results of NS-SS PT scenario are consistent with
the observation that most MSPs are harbored in circular
binaries.

For the PT delayed models, since the delay time, ¢5, is
only several Myr, the total spin-down time is to + t3 ~
t3 ~ 9 Gyr. Furthermore, the total evolutionary time,
tT = t1+1t2+t3, of these models approximate to 11.4 Gyr
except Model C. It seems that Model C should be ruled out
since its total evolutionary timescale is slightly longer than
the Hubble time (13.7 Gyr). However, a shorter spin-down
timescale can be obtained with some fine-tuned period
evolution parameters, e.g. a longer tp.

To compare with the observation, some observed
parameters of J1946 are also listed in Table 2. It is worth
noting that, since (1) the NS-SS PT process is not included
in the MESA, and (2) P, s is the critical period that the PT
occurs, P, ¢ and P ¢ cannot be compared directly with
the orbital period and spin period of J1946. In addition,
the luminosities and effective temperatures of the WDs
(at the stellar age about 13 Gyr) predicted by the MESA
simulation are also given for further checking when more
observations are available.
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5 PT KICK

Taking the simulated results of MESA: Mys = 2.03 M,
Mgy = 0.265 M and P, = 21.5 days as input parameters
before PT, we simulated the influence of PT on the post-
LMXB by the subprogram kick.f of BPS developed by
Hurley et al. (2000, 2002). A weak kick with velocity of
opr = 60 km s~! (Hobbs et al. 2005), and gravitational
mass loss AM = 0.1Mys during PT are adopted
following Paper 2. The probability distribution of 10'° PT
events in the P, — e diagram is shown in Figure 4. The
total probability that PT processes produce binary MSPs
with 0.12 < e < 0.14, and 26 < P, < 28 is about
7.2%. Therefore, the NS-SS PT process is most likely
evolutionary channel to J1946.

In Figure 5, the solid triangle, square, and circle
correspond to J1946, J1618, and J0955, respectively.
Although there is no further mass measurement of J1618
and J0955 except for the mass functions, the P, —
e diagram show that the NS-SS PT process may be
responsible for the formation of these two sources. The
another two eMSPs J1950 and J2234 are also shown as
filled and open stars in the figure. However, their measured
masses are too low to consistent with the NS-SS PT
scenario.

Furthermore, the effects of PT on the post-LMXB
include two respects. The first one is sudden mass
loss, which results in an orbital expansion (the orbital
period after PT is longer than before PT) and a constant
eccentricity e = AM/Mr, as discussed in Paper 1.
The second one is the kick (see also Eq. (4)), which
results in spread distribution (alter the orbital period
and eccentricity) as shown in Figure 5. The probability
of PT producing orbital periods greater and less than
21.5 days are 88.6%, and 11.4%, respectively. In addition,
the probability resulting in larger eccentricity (e > 0.2)
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is relatively low (~ 15%). Obviously, a low or high
kick velocity will result in a narrow or wide distribution
range in the orbital period versus eccentricity diagram,
respectively.

6 SUMMARY

In this work, we propose a delayed NS-SS PT scenario to
account for the formation of eMSP J1946. Employing the
stellar evolution code MESA, we simulated the evolution
of its progenitor. The calculations indicate that a pre-
LMXB consisting of an NS with an initial mass of 1.35 <
Mys,i < 1.4 M and an MS companion star (with a fine-
tuning initial mass and an initial orbital period) can evolve
into a post-LMXB consisting of a ~ 2.0 M5 NS and a
~ 0.27 M WD in an orbit of ~ 22 days. Because of a
rapidly rotation, the NS would not collapse to SS during
the RLOF. After the mass transfer ceases, NS-SS PT will
take place when the NS spin down to a critical spin period
Pt

Based on the simulated results of MESA, we study the
influence of PT on the post-LMXB. A simulation of 10°
PT events is performed via the subprogram kick.f of BSE
with a gravitational mass loss AM = 0.1 Mys, and weak
kick opt = 60 km s~ 1. The result shows that there are
> 7% PT events producing 26 < P, < 28 days and
0.12 < e < 0.14, which are in good agreement with J1946.
Our simulations also predict luminosities and effective
temperatures of the WDs, which might be compared with
and testified by future observations.

Additionally, the positions of J1618 and J0O955 on the
P, — e diagram imply that they probably experienced
evolutionary processes similar to J1946, which will be
studied in detail when more mass information is available.
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