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Abstract

The single degenerate (SD) model, one of the leading models for the progenitors of Type Ia supernovae (SNe Ia),
predicts that there should be binary companions that survive the supernova explosion, which, in principle, should
be detectable in the Galaxy. The discovery of such surviving companions could therefore provide conclusive
support for the SD model. Several years ago, a new type of mysterious variable was discovered, the so-called blue
large-amplitude pulsators (BLAPs). Here we show that all the properties of BLAPs can be reasonably well
reproduced if they are indeed such surviving companions, in contrast to other proposed channels. This suggests
that BLAPs could potentially be the long-sought surviving companions of SNe Ia. Our model also predicts a new
channel for forming single hot subdwarf stars, consistent with a small group in the present sample of hot subdwarf

stars.

Unified Astronomy Thesaurus concepts: Type la supernovae (1728); White dwarf stars (1799); Variable stars

(1761); Supernova remnants (1667)

1. Introduction

The nature of the progenitors of Type la supernovae (SNe Ia)
remains a hotly debated topic (Hillebrandt & Niemeyer 2000;
Wang & Han 2012; Maoz et al. 2014), even though they have
been so important for determining cosmological parameters
(Riess et al. 1998; Perlmutter et al. 1999; Meng et al. 2015). At
present, a basic framework has been established where an SN
Ia originates from the thermonuclear explosion of a carbon—
oxygen white dwarf (CO WD) in a binary system (Hoyle &
Fowler 1960). The WD accretes material from its companion
and increases its mass until close to its maximum stable mass,
where a thermonuclear explosion occurs in the WD (Branch
2004). Based on the nature of the companion star of the
accreting WD, two classes of progenitor scenarios have been
proposed: the single degenerate (SD) model, where the
companion is a nondegenerate star, i.e., a main-sequence or a
slightly evolved star (WD + MS), a red giant star (WD + RG)
or a helium star (WD + He star) (Whelan & Iben 1973;
Nomoto et al. 1984), and the double-degenerate (DD) model,
involving the merger of two CO WDs (Iben & Tutukov 1984;
Webbink 1984). Both models have some support on both the
observational and the theoretical sides (Howell 2011).

A basic difference between the two classes of models is that
there still is a surviving companion after the supernova
explosion in the SD model but not in the DD model (but see
Shen et al. 2018). Searching for surviving companions directly
in supernova remnants (SNRs) is a viable way to distinguish
between the different models. The discovery of potential
surviving companions in some supernova remnants has
revealed the power of the method (Ruiz-Lapuentec et al.
2004; Li et al. 2017). However, the typical lifetime of an SNR
is only a few 10* yr (Sarbadhicaryc et al. 2017), which is much
shorter than the lifetime of any surviving companion. There-
fore, there must be a large number of surviving companions in

the Galaxy that are not associated with SNRs, freely cruising in
space, if the SD model contributes, at least in part, to the
production of SNe Ia. The surviving companion may show
some unusual properties compared to normal single stars, e.g.,
an atmosphere polluted by supernova ejecta and a relative high
space velocity (Han 2008). If such surviving companions were
discovered, this could provide conclusive support for the SD
model.

Recently, Pietrukowicz et al. (2017) found a new class of
variable stars named blue large-amplitude pulsators (BLAPs),
objects whose origin is still a complete mystery. BLAPs are
single, hydrogen-deficient stars associated with the Galactic
disk, and no BLAP has been discovered in the Magellanic
Clouds (Pietrukowicz 2018); i.e., BLAPs appear to belong to a
young population with a relatively high metallicity. Model
simulations show that BLAPs are core-helium-burning or shell-
hydrogen-burning stars, and that their total mass is smaller than
~1.2 M, (Pietrukowicz et al. 2017). Their positions in the
Hertzsprung—Russell (H-R) diagram locate them between
main-sequence stars and hot sdOB stars, as do their surface
gravities; this suggests that the envelopes of BLAPs are slightly
more massive than those of hot sdOB stars. However, the
lifetime of shell-hydrogen-burning stars during the BLAP stage
is too short compared with the lifetime of the BLAPs deduced
from the rate of their change in period (Podsiadlowski et al.
2002; Byrne & Jeffery 2018; Cérsico et al. 2018; Romero et al.
2018; Wu & Li 2018). This leaves core-helium-burning stars
with a thin hydrogen envelope as the only viable solution for
BLAPs (Byrne & Jeffery 2018; Wu & Li 2018). To form such a
special structure, a star needs to lose its hydrogen-rich envelope
after a helium core has formed in its center.

Meng & Podsiadlowski (2017) developed a new version of
the SD model, which they named the common-envelope wind
(CEW) model. In this model, mass transfer between a WD and
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Figure 1. Schematic diagram illustrating the common-envelope wind (CEW) model, where the SN Ia may explode in a CE, SSS, or RN phase. BLAPs originate from

those exploding in the CE phase.

its companion can begin when the companion is an MS star or
is crossing the Hertzsprung gap (HG). If the mass-transfer rate
exceeds the critical accretion rate of the WD, the WD will
expand to an RG-like object, and a common envelope (CE) is
assumed to form around the binary system. The WD then
gradually increases its mass at the base of the CE. For a low
density of the CE, the binary system is expected to survive
from the CE phase until the WD approaches the Chandrasekhar
mass and explodes as an SN Ia. The WD may explode while it
is still in the CE phase, a phase of stable hydrogen burning (and
appear as a supersoft X-ray sources (SSS)), or in a phase of
weakly unstable hydrogen burning, where the system would
appear as a recurrent nova (RN), as illustrated in Figure 1.
According to the different phases when the SN Ia occurs in the
CEW model, even some peculiar SNe Ia may share the same
origin: e.g., the so-called SNe Ia-CSM and 02cx-like objects
may both originate from the explosions of hybrid carbon—
oxygen—neon (CONe) WDs in SD systems (Meng &
Podsiadlowski 2018). In the CEW model, if the mass transfer
for a binary system begins when the companion crosses the
HG, a helium core has been formed in the center of the
companion. The core mass is determined by the initial
companion mass and the initial orbital period: the more
massive the initial companion or the longer the initial orbital
period, the more massive the helium core of the companion.
After the supernova explosion, such a companion may become
a hydrogen-deficient low-mass single star (e.g., Figure 19 in

Meng & Podsiadlowski 2017, where the SN Ia explodes in the
CE phase) and share many properties with BLAPs, making
them promising candidates for surviving companions from SD
systems. Here, adopting the CEW model, we will show that all
the properties of BLAPs may be simultaneously reproduced by
the surviving companions in the CEW model: their population
characteristics, their single-star nature, their lifetime as a
BLAP, their location in the H-R diagram, their surface helium
abundance and surface gravity, their radial velocity, their
pulsation periods, including the rate and sign of the change in
period, the total number of BLAPs and the number ratio of
BLAPs to hot subdwarf stars in the Galaxy. We will also show
that there is no other proposed channel that can simultaneously
explain all these properties. Hence we suggest that BLAPs are
likely surviving companions of SNe Ia, as predicted by the SD
model, and that their discovery provides strong evidence in
support of the SD model.

In Section 2, we describe our methods and the main results
of our calculations. In Section 3 we discuss the results, and we
present our main conclusions in Section 4.

2. Methods and Results
2.1. H-R Diagram

In the CEW model, if mass transfer between a relatively massive
initial WD and a relatively massive initial companion begins in the
HG, the companion can become a hydrogen-deficient, low-mass
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Figure 2. Comparison between the CEW and OTW models for the initial
parameter contours leading to SNe Ia, where the initial WD mass is 1.10 M.
The data for the plot are taken from Meng et al. (2009) and Meng &
Podsiadlowski (2017).

single star after the supernova explosion (e.g., Figure 19 in Meng &
Podsiadlowski 2017). The surviving companion then has a helium
core and a thin hydrogen-rich envelope. If helium is ignited in
the core, the star will become a core-helium-burning star with
a thin hydrogen-deficient envelope. As far as the companion
properties after the supermnova explosion are concemed, the
difference for most cases between the CEW and the optically
thick wind (OTW) model is not very significant (Hachisu et al.
1996; Meng & Podsiadlowski 2017). However, as shown in Meng
& Podsiadlowski (2017), some systems that cannot produce SNe Ia
in the OTW model may do so in the CEW model (the upper right
region in the P—M5 plane in Figure 2). Indeed, it is just these
systems that are more likely to leave hydrogen-deficient, single-star
companions. Considering the merits of the CEW model relative
to the OTW model, we here use the CEW model to calculate the
evolution of the companion.

We assume that the WDs explode as SNe Ia when
Mwp = 1.378 M. Here, we do not consider the effects of
spin-up/spin-down and stripping-off on the companions since
there are still many uncertainties about how to implement these
effects, but we note that they are unlikely to change our basic
conclusions (see the discussions in Section. 3.2). After the
supernova explosions, the companions may become hydrogen-
deficient, single stars, such as BLAPs. To examine whether the
surviving companions can reproduce the other properties of
BLAPs, we choose four typical binary systems and continue to
evolve the companion stars after the supernova explosion and
record their various parameters that may be directly compared
with the properties of BLAPs.

In Figure 3, we show the evolutionary tracks of the
companions in the H-R diagram. Generally, the companions
ascend the red giant branch (RGB) after the supernova
explosion, and helium is ignited in the core at the tip of the
RGB. The companions then become horizontal branch (HB)
stars and stay on the HB, while shell hydrogen burning above
the helium-burning core continues to consume hydrogen-rich
envelope material. However, depending on the different
envelope masses of the companions on the HB, their
subsequent evolution can become quite different. If the
envelope of the companion is so thick that it cannot be
consumed completely before the exhaustion of the helium in
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Figure 3. The evolutionary tracks of the companion stars in the H-R diagram.
Red stars show the position where the SNe Ia are assumed to occur, and the
dashed-triple-dotted rectangle presents the region for BLAPs. The initial WD
masses are the same for the four systems, i.e., Miyp = 1.1 M. The initial
companion masses and periods of the four systems are [Mi/M,,
log(Pi/day)] = (3.3, 0.9), (3.0, 0.8), (3.0, 0.6), and (2.9, 0.7), and the
evolutionary tracks of the companions from the four systems are shown by
solid, dashed, dashed—dotted, and dotted curves, respectively. The age interval
between adjacent crosses is 10° yr. The green cross represents BLAP-009,
whose luminosity is calculated based on the distance from the Gaia DR2 and
the average apparent magnitude in Pietrukowicz et al. (2017); the error bar of
the luminosity is determined from the distance error in Gaia DR2, and the error
bar of the effective temperature comes from the spectral fitting in Pietrukowicz
et al. (2017).

the center, the star will evolve like a typical asymptotic giant
branch (AGB) star (dotted line). In contrast, if the envelope is
so thin that it is exhausted soon after helium ignition, the
evolutionary track of the companion is similar to that of a hot
subdwarf star (solid line, Han et al. 2002, 2003). For the
companion from the system with initial parameters of
[Myyp /M., Mi/M., log(Pi/day)] = (1.1, 3.0, 0.8), the
envelope is neither very thin nor very thick. As the envelope
is consumed due to shell hydrogen burning on the HB, it
becomes thinner and thinner and the effective temperature
increases correspondingly. As a result, the evolutionary track of
the companion moves to the left and may cross the region
where BLAPs are located in the H-R diagram (dashed line). At
the BLAP stage, shell hydrogen burning is extinguished, but
there is still a very thin hydrogen-deficient envelope left, as has
been deduced for BLAPs (Pietrukowicz et al. 2017). Since the
companion has spent a long time on the HB, its lifetime in the
BLAP stage is shorter than that of a typical hot subdwarf star,
but it can still be as long as a few 107 yr as inferred for BLAPs
(Pietrukowicz et al. 2017). This suggests that BLAPs are in the
middle or late phase of helium core burning (see also Wu &
Li 2018). In addition, the evolutionary track of the companion
from the system with [My,, /M., M3 /M., log(P'/day)] = (1.1,
3.0, 0.6) is close to the region of BLAPs, but with a somewhat
lower effective temperature because of its thicker envelope.
The different evolutionary tracks of the companions in
Figure 3 are therefore mainly due to the different envelope
masses at the time of the supernova explosion. BLAPs are
hydrogen-deficient, which implies that their progenitors could
also be hydrogen-deficient when they are born. Based on the
results in Meng & Podsiadlowski (2017), for a system where
mass transfer begins when the companion crosses the HG, the
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Figure 4. Correlation between the surface helium abundance and the envelope
mass of the companion when Mwp = 1.378 M, (solid curve), where the four
points correspond to the four systems in Figure 3. The dotted curves show
the likely regions of the surface helium abundance for BLAPs when Mwp =
1.378 M, (see Section 2.3).

surface helium abundance of the companion when Mwp =
1.378 M, has a strong dependence on its envelope mass (e.g.,
the evolution of Mywp in Figures 4 and 19 in Meng &
Podsiadlowski 2017). In Figure 4, following the definition of
the core as in Han et al. (1994) and Meng et al. (2008), we
show the correlation between the surface helium abundance
and the envelope mass when Myp = 1.378 M, where the
envelope mass, M., is defined as the difference between the
companion mass, MgN, and the core mass, M.. The figure
shows a clear anticorrelation between the envelope mass and
the surface helium abundance, as expected. Therefore, the
surface helium abundance may be taken as an indicator of the
envelope mass at the time of supernova explosion. Similarly,
Figure 3 shows that the lower the envelope mass at the time of
the explosion, the more the subsequent evolutionary track will
resemble the track of a hot subdwarf star (i.e., will become
hotter with lower envelope mass).

2.2. The Helium Abundance and Gravity of BLAPS

As Pietrukowicz et al. (2017) showed, BLAPs are helium-
rich, and their surface gravities lie between those of main-
sequence stars and the known sdOB stars. If BLAPs are the
surviving companions of SNe Ia, the companion predicted by
the SD model will reproduce their surface helium abundance
and surface gravity simultaneously. In Figure 5, we show the
evolution of the surface helium abundance and surface gravity
of the surviving companions, where the initial systems are the
same as those in Figure 3. These figures show that, after the
supernova explosion, the surviving companion from the system
with [Myp/Ms, My/M., log(P'/day)] = (1.1, 3.0, 0.8)
experiences a phase where the surface gravity decreases while
the surface helium abundance increases until the star arrives on
the HB. In this phase, the companion ascends the RGB, where
it experiences the first dredge-up, which leads to the mixing-up
of helium-rich material and an increase in the surface helium
abundance. At the same time, the expansion of the star reduces
the surface gravity. After the companion has settled on the HB,
large-scale convection ceases in the envelope, and the surface
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Figure 5. The evolution of the surface helium abundance and gravity of the
surviving companions of SNe Ia. The lines represent the same systems as
shown in Figure 3, and the red stars show the positions where supernova
explosions are assumed to take place. The green crosses represent the four
BLAPs with spectroscopic observations in Pietrukowicz et al. (2017), and the
age interval between adjacent crosses is 10°® yr. The arrow and numbers mark
the evolutionary direction of the model with [MviVD /Mo, Mzi /M,
log(P'/day)] = (1.1, 3.0, 0.8) in the plot.

helium abundance no longer changes. With the consumption of
the envelope on the HB, the radius of the companion decreases,
and the surface gravity increases until the companion becomes
a BLAP (based on its position in the H-R diagram; Figure 3).
This demonstrates that our surviving-companion model can
simultaneously reproduce the surface helium abundance and
the gravity of the BLAPs observed in Pietrukowicz et al.
(2017). In particular, the surface gravity of the surviving
companion in the BLAP phase lies between those of MS and
hot subdwarf stars. For the star with the thinnest envelope at the
time of the supernova explosion, the surface gravity during the
core-helium-burning phase is higher than that of BLAPs but is
consistent with sdOB stars, and the surface helium abundance
and surface gravity of the companion from the system with
[Myyp /M., Mi/M., log(Pi/day)] = (1.1, 3.0, 0.6) are also
close to those of BLAPs, as shown in Figure 3.

2.3. The Number of BLAPs in the Galaxy

The Optical Gravitational Lensing Experiment (OGLE)
project surveyed about 5% of the Milky Way disk and found
14 BLAPs (Pietrukowicz et al. 2017, private communication).
At present, it is very difficult to estimate the completeness of
the sample, and some BLAPs must be hidden behind clouds of
dust in the surveyed directions. Here, as a very conservative
upper limit, we assume that the number of BLAPs missed could
be as high as 99%; this would give an estimate for the number
of BLAPs in the Galaxy roughly between 280 and 28,000.

Figure 3 shows that not all surviving companions have
properties consistent with those of BLAPs. To estimate the
number of BLAPs from the SD model, we need to know the
initial parameter space producing them. Here, we do not
recalculate grids of binary evolution sequences to determine
this parameter space; instead we just try to constrain it from the
model grids already calculated in Meng & Podsiadlowski
(2017), adopting some additional constraints. From Figures 3
and 4 we know that the envelope mass of the companion at the
time of the supernova explosion is the key parameter



THE ASTROPHYSICAL JOURNAL, 903:100 (13pp), 2020 November 10

T T T T
<+ -
0
al i
~ i
2 |
< [} T Mip =120,
0 Ty - — — My, =1.101,
o~ [ 1
) - — - — My, =1.00M,
i ------ M =0.90,
o~ . -
1 1 1 1
-05 [} 0.5 1 15

log P! (days)

Figure 6. The initial parameter regions for different initial WD masses for
BLAPs (thin red lines). For comparison, the thick lines present the parameter
spaces for SNe Ia (reproduced from Meng & Podsiadlowski 2017).

determining whether the surviving companion produces the
properties of BLAPs, and the envelope mass is anticorrelated
with the surface helium abundance. Stars with a much higher or
a much lower surface helium abundance produce envelopes
that are either too thin or too thick and do not reproduce the
location of BLAPs in the H-R diagram. As we will discuss in
Section 2.5, if a star is not located in this region, it will
probably not show the pulsation modes of BLAPs because of
the different surface gravity or different mean density. In
addition, the calculations of binary evolution in this paper do
not support a companion star with a mass >1.1 M, at the time
of the supernova explosion as a progenitor of a BLAP (the
dotted line in Figures 3, see also the model simulations in
Pietrukowicz et al. 2017). Considering that the observed region
of BLAPs in the H-R diagram is mainly constrained by a single
BLAP and that the real region could be much larger, we here
assume somewhat arbitrarily that the helium abundance has
to be between 0.4 and 0.6 and the companion mass less than
1.1 M., at the time of the explosion, so that the surviving
companion can become a BLAP after central helium ignition.
With these constraints, we can use the grids in Meng &
Podsiadlowski (2017) to determine the parameter space that
produces BLAPs; this is shown in Figure 6. This clearly shows
that the initial systems that produce BLAPs consist of relatively
massive WDs with massive companions and have a relatively
long initial period, i.e., mass transfer begins when the
companion crosses the HG. This parameter space is only a
small part of the whole parameter space that leads to SNe Ia
(see Figure 6), implying that the birth rate of BLAPs, v, is
much lower than the overall rate of SNe Ia from the SD model.

Based on the above parameter space, we performed two
binary population synthesis (BPS) simulations using the rapid
binary evolution code developed by Hurley et al. (2000, 2002),
where the BPS method is the same as described in Meng &
Podsiadlowski (2017). For the BPS simulations, the common-
envelope ejection efficiency, «acg, is the key parameter
affecting the birth rate of BLAPs. Following Meng &
Podsiadlowski (2017), we take acg = 1.0 or acg = 3.0. As
the parameter space producing BLAPs is so much smaller than
that producing SNe Ia, our calculations show that only 0.3% to
3.3% of all SNe Ia produce BLAPS. As shown in Figure 3, the
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Figure 7. The evolution of the number of BLAPs in the Galaxy, where a
constant star formation rate of 5 M, yr~' is assumed. The vertical bar shows
the estimated region of the number of BLAPs in the Galaxy.
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Figure 8. The distributions of companion mass and orbital velocity when
Myp = 1.378 M, for a constant star formation rate and acg = 1.0. The lines
present the final parameter space of the companion mass and orbital velocity
for different initial WD masses.

lifetime of a BLAP is shorter than that of a typical hot subdwarf
star since the progenitor of the BLAP spends part of its life in
the HB phase. Simply assuming that all BLAPs have a lifetime
of 7 =5 x 10’ yr, we may obtain the evolution of the number
of BLAPs with time in the Galaxy from v x 7, as shown in
Figure 7. The predicted number of BLAPs is roughly between
750 and 7500, very much consistent with the rough estimate of
BLAPs made earlier.

2.4. The Distribution of Radial Velocity

At the time of the supernova explosion, the companion in a
close binary have a relatively large orbital velocity, and it will
inherit this orbital velocity as runaway space velocity after the
WD has been disrupted. Figure 8 shows the distributions of the
orbital velocity and companion mass when Mwp = 1.378 M,
for the systems where the companions will become BLAPs.
Most of the companions have a mass of 0.76 + 0.1 M, and all
companions have masses below 1M although our formal
adopted constraint was less than 1.1 M. This mass range is
very much consistent with constraints from a theoretical
pulsation model (~0.7-1.1 M, Wu & Li 2018). In addition,
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Figure 9. The distribution of the radial velocity in the local standard of rest
(LSR) frame vs. distance for BLAPs, for the case acg = 1.0. The red crosses
show the positions if the observed BLAPs are disk stars, while the green
crosses show the measured values (Pietrukowicz et al. 2017, private
communication). The dashed lines show the correlation between radial velocity
and distance in the LSR frame for disk stars, obtained from Equation (2) for the
directions of (a) BLAP-014 and (b) BLAP-001.

the companion stars have space velocities between 100 and
200 km s~ ' relative to the center of mass of the binary systems.
Such a high space velocity should be reflected in the radial
velocities of BLAPs.

To obtain the distribution of the radial velocity of the
predicted BLAPs, we performed a Monte Carlo simulation,
where the radial velocity of a surviving companion is
determined by

Vi = Vo cosi + V} gisks (1)

where i is the angle between the space velocity and the line of
sight and i is generated randomly. V, 4isk is the radial velocity
relative to the local standard of rest (LSR) for a disk star at a
Galactic longitude / and a distance r, and is determined by

Vr,disk = —V@ COS(l — l@) + Ar sin(21), (2)

where [ and [, are the Galactic longitudes of a disk star and the
solar apex, respectively, r is the distance of the star, V, is the
Sun’s velocity in the LSR, and A is Oort’s constant
(Bovy 2017). Here, r is also generated in a Monte Carlo
way, while / is taken to be in the directions of BLAP-014
(Figure 9(a)) and BLAP-001 (Figure 9(b)). In this discussion,
we do not consider any Galactic dynamics, since the surviving
companions may only travel ~2 kpc in the Galaxy before they
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become BLAPs, and their positions and velocities are therefore
not significantly affected by dynamical effects.

Figure 9 shows the distribution of the radial velocity of
the surviving companions versus distance. The radial velocity
has a larger scatter due to the different orbital velocities and
inclination angle i. The distribution of the radial velocity at
a given distance r has two peaks at a velocity of about
V,.gisk = 110 km s~!, which is mainly caused by the different
orbital velocities of the surviving companion when Mwp =
1.378 M, The correlation between V, 4isx and r is shown by two
dashed lines: one corresponds to the direction of BLAP-001
and the other to the direction of BLAP-014. In the figure,
we also plot the radial velocity of the BLAPs with spectral
observations, where the red crosses assume that BLAPs are
normal disk stars, and green crosses show the observed values
(Pietrukowicz et al. 2017, private communication). Three of the
four BLAPs have quite different radial velocities from disk
stars in their directions and at their distances. In particular,
BLAP-001 has a positive radial velocity but it should be
negative if BLAP-001 were a disk star, while BLAP-011 has a
negative radial velocity but it should be positive if BLAP-011
were a disk star. The differences in radial velocity between the
BLAPs and the disk stars at the same position are as high as
123 + 45km s~ '. Generally, at a given distance and in a given
direction, the scatter in the radial velocity of disk stars should
be less than ~20 km s~ ' (Dehnen & Binney 1998; Anguiano
et al. 2018). So, the difference in radial velocity between the
BLAPs and the normal disk stars cannot be simply explained
by the scatter of the radial velocity of the disk stars, and other
mechanisms are required to explain it. Interestingly, the
observed values of the radial velocity for BLAPs-001, 011,
and 014 are located around the peak region in Figure 9. Hence,
the orbital velocity could provide a reasonable explanation for
the difference.

If the difference in radial velocity between the BLAPs and
the disk stars mainly originates from the orbital velocity of the
companion at the moment of supernova explosion, we would
expect that the radial component of the orbital velocity of the
companion could reproduce the difference. Here, the radial
component of the orbital velocity, |V.|, is set to be | Vo cos i,
where i is again generated in a Monte Carlo way. In Figure 10,
we show the distribution of the radial component of the orbital
velocity of the companions for different acg and also the
difference in radial velocity between the observed values and
the disk stars for four BLAPs. There is a peak in the
distribution, irrespective of the value of acg, consistent with
those in Figure 9. Figure 10 shows that most surviving
companions (~70%-80%) have a radial velocity component
between 50 and 150 km s~ ', while some (~10% to 25%) have
a radial component less than 50 km s~ '. For the four BLAPs
with spectral observations, three of them have a difference in
radial velocity larger than 50 km s~ and one less than 50 km
s~!, consistent with the above distributions. We therefore
conclude that our model well reproduces the difference in
radial velocity between the BLAPs and the disk stars, including
the distribution of the difference—key evidence in support of
the surviving companion origin for BLAPs.

However, it must be emphasized that the current positions of
the BLAPs in the Galaxy are not their birth sites if they are the
surviving companions of SNe Ia. Based on the orbital velocity
at the time of the supernova explosion and the time elapsed
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Figure 10. The distribution of the radial component of the orbital velocity of
the companion when Mywp = 1.378 M, for different acg, where a constant star
formation rate is assumed. The horizontal bars show the difference in radial
velocity between the observed values and the disk stars for the BLAPs with
spectral observations.

since the supernova, we estimate that they could travel ~2 kpc
in the Galaxy, which adds an additional uncertainty to the
difference in radial velocity of as much as 20-40km s .
Therefore, the difference in radial velocity between the BLAPs
and the normal disk stars in Figure 10 could be underestimated
or overestimated by as much as 20-40km s '. Most
importantly, a significant difference in radial velocity between
the BLAPs and the normal disk stars clearly exists, and the
distribution of the radial component of the orbital velocity in
Figure 10 can almost certainly explain this difference.

2.5. The Pulsation Period

BLAPs are mysterious variables, and at present it is
completely unclear which mechanism drives their pulsations.
Two processes could play an important role: one is the bump in
metal opacity at T~ 2 x 10°K and the other is radiative
levitation of iron (Pietrukowicz et al. 2017). In Pietrukowicz
et al. (2017), it is difficult to identify the pulsation mode of
BLAPs based on their light curve alone, although a radial
fundamental mode pulsation is favored (see also McWhirter
et al. 2020). Pietrukowicz et al. (2017) presented the measured
pulsation period and the rate of change in period. In our model,
there is only a very thin convective zone when the companion
star crosses the region of BLAPs in the H-R diagram. Therefore
their pulsation modes cannot be simple, solar-type oscillations.
Here, we estimate the characteristic p-mode frequency using

Ul R (n + é + 6)A1/, 3)

which is independent of the detailed driving mechanism
(Brown et al. 1991; Kjeldse & Bedding 1995). When both
radial order n and angular degree [ are 0, we may obtain the
frequency of the fundamental mode from
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Figure 11. The evolution of the period and the rate of change in period for the
model with [Miyp /Mo, M3 /M., log(P/day)] = (1.1, 3.0, 0.8) for different n’.
The age interval between adjacent crosses is 10” yr. The green points show 11
BLAPs from Pietrukowicz et al. (2017), while the two dotted lines show the
period range for the whole sample of BLAPs.

where Av is the mean large frequency separation of a star and
is calibrated to the Sun (Kjeldse & Bedding 1995; Yang &
Meng 2009), and ¢ is a constant and set to 2.6 for BLAPs (Wu
& Li 2018). Then, we can estimate the pulsation period as
6
p_ 10 1

———————— min, 5)
60 (n' + €)Av

where 7' =n+ £ =0, 1/2, 1, 3/2, 2,.... Following the
definition of the rate of change in period in Pietrukowicz et al.
(2017), we define the rate as

L_AP1 PP 1
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Varying n' to fit the observational data, we find that our model
could reproduce the observations for n’ = 0 or n’ = 0.5, as
shown in Figure 11. However, it is difficult to arrive at a
definitive conclusion on the oscillation mode based on the
results presented here. We cannot clearly distinguish between
the radial fundamental mode and a nonradial p-mode oscilla-
tion. The observations of the color index of BLAPs seem to
favor radial fundamental pulsations (Pietrukowicz et al. 2017).
Interestingly, n’ = 0 is the radial fundamental mode. In
addition, Equation (4) shows that v is determined by the
mean density of the star, i.e., stars with similar masses and
similar radii will have similar v,. This is the reason why
BLAPs have similar surface gravities and are located in similar
regions in the H-R diagram. Figure 8 shows that most surviving
companions have a mass around 0.76 M, + 0.1 M. When
these stars cross the region of BLAPs in the H-R diagram, they
will also have similar radii and similar surface gravities.

In addition, based on the results here, there is an
evolutionary sequence for BLAPs with a negative and a
positive rate of change in period, i.e., before stars have reached
the lowest luminosity in the BLAP region, they show a
negative rate of change in period, while they have a positive
rate of change in period thereafter (see also Figure 3). Based on
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the models in Wu & Li (2018), the sign of the rate of change in
period reflects the central helium abundance of the star, Y, i.e.,
stars with Y. > 0.45 show a negative rate of change in period,
while those with Y. < 0.45 have a positive rate of change in
period, consistent with our results. It is worth emphasizing that,
besides having a shorter lifetime than the observed BLAPs, the
shell-hydrogen-burning model can only explain BLAPs with a
negative rate of change in period (Byrne & Jeffery 2018;
Corsico et al. 2018; Wu & Li 2018), while our model can
produce BLAPs with both negative and positive rates
simultaneously. This again suggests that BLAPs are in the
middle or late core-helium-burning phase, as shown in Figure 3
(see also Wu & Li 2018). Therefore, our model naturally
explains why BLAPs have similar surface gravities, similar
pulsation periods, and similar rates of change in period,
including their sign, at the same time. These results are not very
surprising because it has previously been shown that stars in
the middle or late core-helium-burning phase with a mass of
~0.7 -1.1 M. can reproduce the pulsation properties of
BLAPs (Wu & Li 2018).

3. Discussion
3.1. Metallicity

In this paper, we propose that BLAPs are the surviving
companions of SNe Ia. Our model can naturally reproduce all
the properties of BLAPs, including their single-star nature, their
lifetime as a BLAP, their position in the H-R diagram, the
surface helium abundance and gravity, the total number of
BLAPs in the Galaxy, the distribution of their radial velocities,
the pulsation periods, and the rate of change in period,
including the sign of the rate. In addition, BLAPs are relatively
young objects and are not found in low-metallicity environ-
ments (Pietrukowicz 2018). This is also a natural consequence
of the dependence of the metallicity on the initial parameter
space for SNe Ia. The initial parameter space in the P'-M,
plane for BLAPs puts them in the upper right region for SNe Ia
(see Figure 6); this means that the progenitor systems of
BLAPs must contain a relatively massive companion with a
relatively long orbital period. With a decrease in metallicity, it
becomes more difficult for systems located in this region of
parameter space to become SNe Ia. For Z < 0.001, no system
in this region produces an SN Ia because of violent nova
explosions preventing an increase in the mass of the WDs (see
Figure 4 in Meng et al. 2009). Therefore the model predicts that
BLAPs cannot be produced in a very low-metallicity environ-
ment, naturally explaining why BLAPs favor a young
population with relatively high metallicity.

While this is based on the OTW model, we also did several
binary evolution calculations with Z = 0.001 to test whether
the above discussion still holds for our CEW model. Based on
the results in Meng & Podsiadlowski (2017), we estimate that
the upper boundary of the companion mass in the Pi—Mj plane
for Z = 0.001 from our CEW model would be higher than that
from the OTW model. We use systems with (Myp/Meo,
M2i /M) = (1.1, 2.5) but different initial periods to test the
upper right boundary in the initial Pi—M2i plane, where the
initial companion mass of 2.5 M., is larger than the upper-
boundary mass of the initial parameter space for SNe Ia from
the OTW model. The evolutionary tracks of these companions
in the H-R diagram are shown in Figure 12. As expected,
the upper right boundary for SNe Ia from the CEW model is
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Figure 12. The evolutionary tacks of the companions for systems with Z =

0.001 and (Myp/Me, My/Mg) = (1.1, 2.5) for different initial periods,

ie. log(Pi/day) = 0.0, 0.1, 0.3, and 0.4. The red stars show the positions

where the supernova explosions are assumed to occur. The age interval

between adjacent crosses is 10° yr. The dashed—triple-dotted rectangle indicates
the region of BLAPs.

higher than that from the OTW model by about 0.1 M.,
which indicates that the birth rate of SNe Ia from the CEW
model is higher than that from the OTW model® (Meng &
Podsiadlowski 2017). However, some evolutionary tracks still
cross the region of BLAPs in the H-R diagram, but their
lifetimes in the BLAP stage are short, and hence they are much
less likely to be found as BLAPs than for Z = 0.02. In
addition, for a star with a similar mass at the same evolutionary
stage, a low metallicity implies a smaller radius (Umeda et al.
1999; Chen & Tout 2007; Meng et al. 2008), which is the main
reason why the companions with Z = 0.001 spend most of
their lives below the region of BLAPs in the H-R diagram. The
smaller radius indicates that the surviving companions with
Z =0.001 could not show the pulsations of BLAPs (see
Equation (4)) for most of their lifetimes. Moreover, the luminosity
of the companions with Z = 0.001 in the helium-core-burning
phase is generally lower than that of BLAPs, which indicates that
a more massive helium core and hence a longer initial orbital
period would be required to produce a BLAP. However, a system
with a longer initial period, even if it is only longer by 0.1 dex,
will evolve to a system of a WD + sdB star (the dotted line in
Figure 12) rather than an SN Ia because of violent nova
explosions and hence will not produce a BLAP.

The surviving companions of SNe Ia may be polluted by
some heavy elements, in particular Ni and Fe, as supernova
ejecta pass the companion (Marietta et al. 2000; Meng et al.
2007; Pakmor et al. 2008). Therefore, the surface abundance of
such heavy elements on the surviving companions could be
higher than that for typical disk stars. Enhanced heavy elements
could also be helpful in producing the observed BLAP
pulsations because of the increased heavy-element opacity
(Pietrukowicz et al. 2017; Romero et al. 2018). However,
before the companions become BLAPs, a large convective

% The OTW does not work when Z is lower than a certain value (e.g.,

Z < 0.002, Kobayashi et al. 1998), but the results in Meng et al. (2009) are
based on the assumption that the OTW is still valid for low metallicities. If the
metallicity constraint is considered (e.g., Z = 0.001), the upper right boundary
of the parameter space for SNe Ia and the birth rate of SNe Ia from the CEW
model are probably significantly higher than those from the OTW model.
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region is likely develop in the envelope, mixing such heavy
elements from the supernova ejecta into the interior and making
such anomalies unobservable. At the same time, at high
effective temperature, radiative levitation effects could bring
the inner iron-group elements to the surface of the star in the
BLAP stage, as observed in the spectra of some subdwarf O
stars (Chayer et al. 1995; Charpinet et al. 1997; Latour et al.
2018). Generally, the timescales for the above two effects are
much shorter than the typical evolutionary timescale of hot
subdwarf stars (Dorman et al. 1993; Charpinet et al. 1997);
hence BLAPs are likely to have lost the information on the
chemical pattern due to any pollution by supernova ejecta. In
any case, with currently only moderate-resolution spectra
available, the abundance of the heavy elements cannot be
determined. Even if higher abundances were to be determined
by future observations, this would not constitute key evidence
in support of the surviving-companion nature of BLAPs.

If the initial metallicity of the progenitor system were not to
affect the production of BLAPs, we would expect about
10-100 BLAPs in the Large Magellanic Cloud (LMC), based
on the birth rate of BLAPs in the Galaxy and the star formation
history in the LMC (Harris & Zaritsky 2009). However, no
BLAPs have so far been observed in the LMC and SMC
(Pietrukowicz 2018). This indicates that the initial metallicity
plays an important role in the production of BLAPs, probably
by affecting the parameter space for SNe Ia, as discussed above
based on the SD model for SNe Ia. In addition, radiative
levitation is probably required to produce the pulsation modes
of BLAPs, and an enhancement of iron and nickel could be a
key factor in the development of the pulsations seen in BLAPs
(Jeffery & Saio 2016; Byrne & Jeffery 2018; Romero et al.
2018). Our surviving companion scenario for BLAPs provides
a natural explanation for the enhancement of iron and nickel by
the pollution from supernova ejecta.

3.2. Uncertainties

In this paper, we assumed that a CO WD explodes as an SN
Ia when Mywp = 1.378 M. We then followed the evolution of
the companion star and found that some companions can
reproduce the properties of BLAPs. However, there are two
other effects that could influence the companions and change
the initial parameter space producing BLAPs. One is the
collision of supernova ejecta with the companions (Marietta
et al. 2000; Meng et al. 2007; Pakmor et al. 2008; Liu et al.
2012), the other is the so-called spin-up/spin-down model
(Justham 2011; Di Stefano & Kilic 2012).

For the SD model, the supernova ejecta may collide with the
envelope of the companion and strip off part of the envelope.
The amount of material stripped off is heavily dependent on the
structure of the companion (Meng et al. 2007; Pakmor et al.
2008). For the systems leading to BLAPs, the impact of the
supernova ejecta may strip off about 0.065 M., to 0.125 M,
from the surface of the companion, mainly depending on the
ratio of the binary separation to the companion radius at the
moment of supernova explosion (Meng et al. 2007; Liu et al.
2012; Pan et al. 2012). The stripped hydrogen-rich material
may reveal itself by a narrow Ha emission line in the late-time
spectrum (Marietta et al. 2000; Meng et al. 2007). However,
such a prediction was not confirmed by the observations of
most SNe la (Maguire et al. 2016; Tucker et al. 2020). On the
other hand, the narrow Ho emission line was indeed detected in
some SNe Ia, but the amount of hydrogen-rich material
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deduced from observations is much smaller than the theoretical
predictions (Maguire et al. 2016; Prieto et al. 2020). At present,
the reason for the conflict between observation and theory is
still unclear.

After the impact, the companion may be heated and may
expand quickly to a luminosity as high as a few 10° L., and the
energy deposited in the envelope of the companion will take a
thermal timescale to release (Marietta et al. 2000; Podsiadlowski
2003; Shappee et al. 2013; Pan et al. 2014). Then, during this
period, the companion may introduce an extra stellar wind,
reducing the envelope mass further. However, assuming a simple
Reimer’s wind and taking typical values of the luminosity
(10* L.), the radius (10> R.), and the thermal timescale (10* yr)
of the com})anion (Shappee et al. 2013), the companion would lose
about 107" M, during this period. Therefore, such an effect can be
neglected.

The WDs in the systems may spin up as they gain angular
momentum from the accreted material. Rapidly rotating WDs,
however, may exceed the classical Chandrasekhar mass limit,
and rotating super-Chandrasekhar WDs require a spin-down
phase before they can explode as SNe Ia (Justham 2011; Di
Stefano & Kilic 2012). The spin-down timescale is currently
quite uncertain, probably between 10° yr and 107 yr (Di
Stefano et al. 2011; Meng & Podsiadlowski 2013). Based on
the CE mass and the mass-loss rate at the moment when
Mwp = 1.378 M,, Meng & Podsiadlowski (2018) estimated
that a spin-down timescale of ~10° yr is favored. During
the spin-down phase, the companion may continue to lose
envelope material. However, since the companion only has a
very thin envelope, the mass-loss rate would decrease quickly
to less than 10~ M., yr~', even stopping completely (this is the
main reason why the OTW model cannot produce SNe Ia in the
upper right region of the initial parameter space, while the
CEW can; see Figure 2 and the detailed discussions in Meng
et al. 2009). The companion may not lose too much material
during the spin-down phase, i.e., probably less than 0.1 M.

Therefore, the effects discussed above on the mass of the
companion are similar, i.e., a decrease in its mass at the time of
the supernova explosion. This could make the companions
more similar to hot subdwarf stars rather than BLAPs when
helium is ignited in the center, as the model with [Myp,
Mi/M., log(P'/day)] = (1.1, 3.3, 0.9) shows. In this case,
models such as [My,p,, Mi /M., log(P'/day)] = (1.1, 3.0, 0.6)
would become the progenitors of BLAPs. Therefore, the main
consequence of these effects would be to change the initial
parameter space producing BLAPs, i.e., the initial parameter
space moves to shorter initial period in Figure 6. Hence, the
predicted number of BLAPs here could be underestimated or
overestimated (see Figure 11 in Meng et al. 2009). However, at
present, the number of BLAPs in our Galaxy is quite uncertain,
and even if the uncertainty of the theoretically predicted
number is as high as 100%, the number of BLAPs predicted
here is still consistent with the present observational constraint.
Therefore, the effects discussed above would not significantly
affect our main conclusions.

Besides the influence on the companion mass, these two
effects might also change the space velocity of the surviving
companions but in opposite directions. Compared with the
orbital velocity when Mwp = 1.378 M, the collision of
supernova ejecta with the companion increases its space
velocity because it imparts a kick, but the kick velocity would be
significantly smaller than the orbital velocity (Marietta et al. 2000;
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Meng et al. 2007; Meng & Podsiadlowski 2017). In contrast, a
spin-down phase may significantly decrease the orbital velocity.
For example, if a spin-down timescale of a few 10°yr is
considered, the orbital velocity of the companion at the time of
the supernova explosion would be in the range 50-190km s '
(Meng & Li 2019). Therefore, the effect of the spin-down
mechanism is likely to dominate in determining the final space
velocity of the surviving companions. On both the observational
and theoretical sides, a spin-down phase seems likely to be
necessary (Soker 2017; Meng & Podsiadlowski 2018), which
means a smaller space velocity for the surviving companions of
SNe Ia than that shown in Figure 8. Therefore, the proportion of
systems with radial velocity less than 50km s in Figure 10 is
likely to be underestimated.

The Gaia project provides a unique opportunity to constrain
the origin of BLAPs. However, for the 14 BLAPs in
Pietrukowicz et al. (2017), only BLAP-009 has a reliable
parallax measurement in Gaia DR2. Based on the proper
motion and distance from Gaia DR2 data and the radial
velocity in Figure 9, we can obtain the components of the space
velocity of BLAP-009 in the Milky Way’s Galactic coordinate
system: U = 39.8 + 35.1 kms ', V=1829 4 134 kms ',
and W=134+25 km s ' (Astraatmadja & Bailer-
Jones 2016; Luri et al. 2018). Hence, BLAP-009 has a lower
space velocity than a typical disk star around its location by
~60 &+ 22 km s~ ', i.e., BLAP-009 may even be taken as a
runaway star, considering the large difference in space velocity
(Blaauw 1961; Brown 2015; Huang et al. 2016). The velocity
difference of 60 & 22 km s~ ' is smaller than the prediction in
Figure 8, but is consistent with the results in Meng & Li (2019),
which would imply that a spin-down phase is necessary for the
production of BLAPs if they are the surviving companions of
SNe Ia.’

The measurement of the masses of BLAPs could provide a
key clue to constrain their origin, but unfortunately there are
too many uncertainties to estimate the masses of the BLAPs—
uncertainties in their distances, brightnesses, surface gravities,
and effective temperatures. If all these uncertainties are
considered, the mass of BLAP-009 could be anywhere between
0.06 M. and 1.40 M., hence providing no meaningful
constraint.

3.3. Other Possible Origins

As discussed in Pietrukowicz et al. (2017), BLAPs are core-
helium-burning or hydrogen-shell-burning stars with thin
envelopes. For the hydrogen-shell-burning model, BLAPs are
possibly the progenitors of extremely low-mass WDs with high
effective temperatures and a stellar mass of ~0.34 M_®
(Romero et al. 2018). But the lifetime of the hydrogen-shell-
burning stars in the BLAP stage is too short to be compatible
with the long-term stability of the pulsation periods of observed
BLAPs with a typical timescale of 10’ yr (Podsiadlowski et al.
2002; Wu & Li 2018). Even if the progenitors of extremely

7 Although the distances of other BLAPs are not as precise as for BLAP-009

in Gaia DR2, we show the components of the space velocity of BLAP-014—
the distance of which is relatively precise compared to other BLAPs—in the
Milky Way’s Galactic coordinate system as a reference, i.e., U = 35.6 + 34.9
km s, V=159.6+614 km s', and W=— 119+ 117 km s~ ".
Therefore, BLAP-014 has a lower space velocity than a typical disk star
around its location by ~79 + 62 km s~

8 Recently, Kupfer et al. (2019) found a new class of BLAPs with higher
surface gravities and proposed that this new class are extremely low-mass
WDs. We will address this class in another paper.
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low-mass WDs were to contribute to the BLAP population,
they could only produce BLAPs with a negative rate of change
in period (Byrne & Jeffery 2018; Cérsico et al. 2018; Wu &
Li 2018). Therefore, the core-helium-burning model is the
favored model for BLAPs, as predicted by our model.
Nevertheless, there are potentially several other channels to
form such a structure. However, as discussed in the following,
no other channel currently considered can explain all the
properties of BLAPs simultaneously, and every alternative
channel has its problems. As we will show now, only the
surviving companion scenario may be able to solve all
problems simultaneously.

To form the structure of a BLAP, a star needs to lose its
envelope in the HG or on the first giant branch (FGB). Since
BLAPs are single stars, single-star channels need to be
considered. For a single star with M; < 1.0 M, and metallicity
Z > 0.02, a star may lose most or all of its envelope near the
tip of the FGB because these envelopes are extremely weakly
bound (Han et al. 1994; Meng et al. 2008). If a thin envelope
remains and helium is ignited in the center of the remnant after
envelope ejection, the star would show the main properties of
BLAPs. Such a channel could easily explain the dependence of
the BLAPs on metallicity. However, BLAPs from such a
channel would belong to an old population, which is
inconsistent with their young-population nature. In addition,
this origin would not explain the unusual radial velocity of
BLAPs. If this channel contributes to BLAPs, there should be
many in old metal-rich clusters, e.g., NGC 6791, but no BLAPs
have been reported in NGC 6791. Also, if helium is ignited in
the center after envelope ejection, the star is more likely to
become a hot subdwarf star than a BLAP (Kalirai et al. 2007,
Steinfadt et al. 2012; Han & Chen 2013).

Another possible channel to form the structure of a BLAP is
also from the SD scenario for SNe Ia, where the companion of
the WD is a red giant star, i.e., comes from the WD + RG
channel. After the supernova explosion, the supernova ejecta
may strip off almost all the envelope of the RG companion
(Marietta et al. 2000). If the hydrogen shell is still burning, the
companion could show the properties of BLAPs (e.g., the shell-
hydrogen-burning model in Pietrukowicz et al. 2017). How-
ever, this channel also has problems with the population and
radial velocity as discussed above (Wang et al. 2010). In
addition, the envelope of the companion after the collision with
the supernova ejecta is so thin (i.e., less than 0.02 M) that the
lifetime of the companion in the shell-burning stage is too short
(i.e., shorter than 10° yr) to explain the long-term stability of
the pulsation periods of BLAPs with a typical timescale of 107 yr.
After the extinction of the hydrogen shell, helium generally cannot
be ignited in the center of the star because of its low mass, and the
companion probably becomes a low-mass single WD rather than a
BLAP (Justham et al. 2009; Meng & Yang 2010; Meng & Han
2016). Even if helium were ignited in the center, the companion
would appear as a hot subdwarf with a mass of less than 0.45 M,
rather than a BLAP (Meng & Podsiadlowski 2013).

Pietrukowicz et al. (2017) discussed a possible origin from
the Galactic Center, i.e., the progenitors of BLAPs would be
members of binary systems passing the central supermassive
black hole, where the companions are captured by the
supermassive black hole while the progenitors of the BLAPs
are ejected from the Galactic Center. However, the position of
BLAPs in the Galaxy and their radial velocities do not support
such a runaway scenario. The conclusive evidence to exclude
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the runaway scenario comes from the Gaia observation for
BLAP-009, as discussed in Section 3.2. The components of the
space velocity of BLAP-009 in the Milky Way’s Galactic
coordinate system and its distance of 5.50 £ 0.53 kpc from the
Galactic Centre clearly prove that it cannot originate from
there.

Since BLAPs could be related to hot subdwarfs, another
channel to form single hot subdwarf stars could also contribute
to BLAPs, i.e., if the progenitor of a BLAP is an FGB star in a
binary system. If the companion of the FGB is a low-mass star
or a brown dwarf, possibly even as small as a planet, the system
could merge during a CE phase and form a rapidly rotating HB
star. The centrifugal force for rapid rotation may enhance the
mass loss from the surface of the HB star and a BLAP might
form (Soker 1998; Politano et al. 2008). This scenario could
easily explain why BLAPs seem to be connected with hot
subdwarf stars, but it is difficult to explain the distribution of
their radial velocities and their young-population nature.
Similarly, the merger of two helium WDs to form a single
hot subdwarf star also does not explain the metallicity
dependence and the unusual radial velocities. Moreover, the
merger scenario of two helium WDs is expected to produce
extremely hydrogen-deficient hot subdwarf stars, inconsistent
with BLAPs (Zhang & Jeffery 2012).

Pietrukowicz et al. (2017) could not exclude the possibility
that some BLAPs have very faint companions. So, subdwarf
stars in long-period binary systems could contribute to the
BLAP population (Han et al. 2002, 2003; Chen et al. 2013).
However, such a channel has the same problems as the
previous models with the metallicity dependence and radial
velocity distribution of BLAPs.

There is another puzzle for channels related to the formation
of normal hot subdwarf stars: why have BLAPs only been
discovered recently, unlike hot subdwarf stars. The most
reasonable explanation is that the formation process for BLAPs
is not associated with the normal hot subdwarf channel, and
that the number of BLAPs is much smaller than that of normal
hot subdwarf stars. Based on the results in this paper and Han
et al. (2003), we may estimate that the theoretical ratio of the
number of single hot subdwarf stars to BLAPs lies roughly
between 6 and 640. Currently, about 2000 hot subdwarf stars
have been confirmed spectroscopically, but the single-star
frequency among them is still uncertain (Geier et al.
2015, 2017; Kepler et al. 2015, 2016; Luo et al. 2016). It
probably lies between 10% and 50% (see the discussion in Han
et al. 2003). So, the number of discovered single hot subdwarfs
lies roughly between 200 and 1000; this would imply that the
observational number ratio of single hot subdwarf stars to
BLAPs is between 14 and 71, consistent with our theoretical
estimates. When the total catalog of hot subdwarf stars before
the Gaia mission is considered, the ratio may increase up to
200, still in the range of the theoretical estimates (Geier et al.
2017). Therefore, the theoretical and the observed number
ratios appear consistent with each other, at least at the present
observational level.

Our model makes a prediction of the distribution of BLAPs
in the Galaxy. The progenitors are born in the thin disk and
then spread in all directions. Since there is continuous star
formation in the thin disk, we may expect that the number
density of BLAPs is highest in the thin disk, lower in the thick
disk, and lowest in the halo. Future surveys may be able to
check this prediction.
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3.4. A New Channel to Form Single Hot Subdwarf Stars

As we showed in this paper, some systems from the same
channel that produces BLAPs but with slightly different initial
parameters can produce single hot subdwarf stars (see
Figure 3). This is in fact a new channel to form single hot
subdwarf stars, which may have different properties from those
forming from other, more canonical evolutionary scenarios,
e.g., (a) the merger of two helium WDs, (b) the merger of an
FGB star and its low-mass companion, and (c) the envelope
ejection scenario for single low-mass high-metallicity FGB
stars (see the discussions in the above section and Han et al.
1994, 2002, 2003; Heber 2009; Meng et al. 2008).

(1) Generally, hot subdwarf stars from scenario (a) are
extremely helium-rich sdOs with strong N lines in their
atmospheres (Heber 2009; Zhang & Jeffery 2012). These
extremely helium-rich sdOs usually have log(ny. /ny)
larger than 0, even larger than 1 (Luo et al. 2016), while
the single hot subdwarf stars from scenarios (b) and (c)
usually have log(nge/ny) less than —1. However, the
single hot subdwarf stars from our model generally have
a medium log(ny. /ny) value, i.e., between 0 and —1 (see
Figure 5).

(2) The mass of the single subdwarf stars from scenarios (a),
(b), and (c) has a broad range from 0.3 to 0.8 M., and
peaks at the canonical mass for the He core-flash at
0.46 M., (Han et al. 2003; Meng et al. 2008; Politano
et al. 2008; Han & Chen 2013), while the single hot
subdwarf stars from our model have a mass larger than
0.5 M., up to 0.97 M, (Meng & Podsiadlowski 2017).

(3) The present sample of single hot subdwarf stars are
mainly found in the thick disk or halo of the Galaxy,
which means that they belong to a relatively old
population (Luo et al. 2016), while the hot subdwarf
stars from our model belong to a young population and
could be found in the thin or thick disk of the Galaxy.

(4) The hot subdwarf stars from our model inherit the orbital
velocities of the binary systems at the time of the
supernova explosion and will show a different space
velocity to those from scenarios (a), (b), and (c). In
addition, Figures 2 and 6 show that the OTW model has
difficulties in producing such single hot subdwarf stars.
Hence, the discovery of such hot subdwarf stars will
favor our CEW model.

Interestingly, there exists a small group in the current sample
of hot subdwarf stars, consistent with our predictions but
difficult to explain by standard binary evolutionary channels
(e.g., group 4 in Figure 8 of Luo et al. 2016). Figure 13 shows
the evolution of the surface helium abundance and the effective
temperature of the companions from the systems with
[Myyp /M., My /M, log(P'/day)] = (1.1, 3.3, 0.9). The figure
shows that the companion after the supernova explosion spends
most of its life in the region of group 4 in Luo et al. (2016);
hence our model provides a reasonable origin for this group.
Also, the figure shows that, if the spin-down timescale is as
long as 6 Myr, the companion star could become a hot
subdwarf star before the supernova explosion (Meng &
Li 2019). Such a spin-down timescale of a rapidly rotating
WD is consistent with the estimate in Meng & Podsiadlowski
(2013). This result could open a new window for searching
for a surviving companion in a supernova remnant or the
progenitor system in archival images taken before the
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Figure 13. The evolution of the surface helium abundance and effective
temperature for the model with [Mi,p, /M, M3 /My, log(P'/day)] = (1.1, 3.3,
0.9). The dashed—triple-dotted rectangle shows the region for group 4 of hot
subdwarf stars in Luo et al. (2016, private communication). Red stars show the
position where supernova explosions are assumed to occur, and the age interval
between adjacent crosses is 10° yr.

supernova explosion (Meng & Li 2019). However, the
properties of the hot subdwarf stars from our SN Ia channel
could be difficult to distinguish from those originating from the
CE merger channel, except that the atmosphere of the hot
subdwarf stars from the SNe Ia channel could be polluted by
supernova ejecta. However, the heavy elements from such
pollution would not be a good tracer to distinguish different
origins, as discussed in Section 3.1. One possible mechanism to
distinguish the hot subdwarf stars from these two channels is to
measure their radial velocity since the radial velocity of the
stars from the SN Ia channel is generally larger than that from
other channels. Moreover, the distribution of such single hot
subdwarf stars in the Galaxy provides another clue to
distinguish them from other single hot subdwarf stars since
they are mainly located in the thin disk and few should be
found in the halo, similar to BLAPs. We will investigate this
channel in more detail in the future.

4. Conclusion

In summary, we propose that the mysterious BLAPs are the
surviving companions of SNe Ia, since all the properties of the
BLAPs may be reasonably reproduced by our SD model
simultaneously, including their population characteristics,
positions in the H-R diagram, spectroscopic properties, radial
velocities, pulsation periods and their rates of change in period,
and the total number of BLAPs in the Galaxy. No other
proposed channel can simultaneously explain all these proper-
ties. We predict the distribution of BLAPs in the Galaxy, with
their number density being highest in the thin disk, lower in the
thick disk, and lowest in the halo. We also predict a new
channel for single hot subdwarf stars, which connects them
directly to BLAPs with a generally high radial velocity. Such
single hot subdwarf stars have a similar space distribution to
BLAPs in the Galaxy. If such hot subdwarf stars are confirmed
observationally, this would provide additional support for our
CEW model. Interestingly, there already exists a small group of
objects in the currently known sample of single hot subdwarf
stars with properties consistent with our model predictions.
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