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Abstract The accretion-induced collapse (AIC) scenario was praphdSe/ears ago as an evolutionary end
state of oxygen-neon white dwarfs (ONe WDs), linking thertheoformation of neutron star (NS) systems.
However, there has been no direct detection of any AIC ewefarseven though there exists a lot of indirect
observational evidence. Meanwhile, the evolutionary waifs resulting in NS formation through AIC are
still not thoroughly investigated. In this article, we rewi recent studies on the two classic progenitor
models of AIC events, i.e., the single-degenerate modely@ing the ONe WD+MS/RG/He star channels
and the CO WD+He star channel) and the double-degeneratel iieciuding the double CO WD channel,
the double ONe WD channel and the ONe WD+CO WD channel). Remegress on these progenitor
models is reviewed, including the evolutionary scenaasling to AIC events, the initial parameter space
for producing AIC events and the related objects (e.g., leeAIC systems and the post-AlIC systems).
For the single-degenerate model, the pre-AlC systems ilie.progenitor systems of AIC events) could
potentially be identified as supersoft X-ray sources, swyits and cataclysmic variables (such as classical
novae, recurrent novae, Ne novae and He novae) in the oliseisiavhereas the post-AlC systems (i.e.,
NS systems) could potentially be identified as low-/intediate-mass X-ray binaries, and the resulting
low-/intermediate-mass binary pulsars, most notablyiseilond pulsars. For the double-degenerate model,
the pre-AIC systems are close double WDs with short orbiggigals, whereas the post-AlC systems are
single isolated NSs that may correspond to a specific kind®fith peculiar properties. We also review
the predicted rates of AIC events, the mass distribution®$ Nroduced via AIC and the gravitational wave
(GW) signals from double WDs that are potential GW sourcekénGalaxy in the context of future space-
based GW detectors, such as LISA, TianQin, Taiji, etc. Retteoretical and observational constraints
on the detection of AIC events are summarized. In order tdicorithe existence of the AIC process, and
resolve this long-term issue presented by current stel@ugon theories, more numerical simulations and
observational identifications are required.
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1 INTRODUCTION to the underlying compositions, this kind of compact ob-
ject can be mainly divided into He WDs, carbon-oxygen

_ . (CO) WDs and oxygen-neon (ONe) WDs (eBaczyhski

Compact objects are the product of late stellar evolut|0n1970 Han et al. 1994 Eggleton 2006 Camisassa et al.

which can be divided into white dwarfs (WDs), ne_utron S'2019. Note that some transitional hybrid WDs have been
tars (NSs) and black holes. WDs are the endpoint of th%redicted by the stellar evolution theories but not con-

evolution of low-/intermediate-mass stars, accounting fofirmed in observations. For example, He-rich WDs (i.e.,

the final outcome of about 97% of all stars in our Galaxy,.~~ Wps. in which a CO-rich core is surrounded by a
(e.g.,Fontaine et al. 20QParsons et al. 2020According ’
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He-rich mantle; seében & Tutukov 198% CONe WDs Up to now, there has been no reported direct detec-
(an unburnt CO core surrounded by a thick ONe zonetion for such events, but a lot of indirect evidence exists
e.g., Denissenkov etal. 2013Chen etal. 2014 COSi in observations. The remnants of AIC process are NS sys-
WDs (an unburnt CO core surrounded by a Si-rich sheltems, which can be utilized to explain a variety of the ob-

l; seeWu et al. 2020, OSi WDs (seeWNu & Wang 2019  served troublesome NS systems that cannot be reproduced
Wu et al. 2019, Si WDs (seeschwab et al. 20J6etc. by core-collapse SNe (e.ganal et al. 199Qbrauris et al.

It has been generally believed that CO WDs in bi-2013 Liu & Li 2017; Ablimit 2019), as follows:

naries will form type la supernovae (SNe la) when they
grow in mass close to the Chandrasekhar limit{,; e.g., 1)
Hoyle & Fowler 1960 Nomoto et al. 1984Podsiadlowski
201Q Wang & Han 2012 However, ONe WDs are pre-
dicted to collapse into NSs through electron-capture re-
actions by Mg and Ne when they increase their mass
close to Mcy, in which the transformation from ONe 2
WDs to NSs is referred to as the accretion-induced col-
lapse (AIC) process that was proposed 40 years ago
based on stellar evolution theories (e.jlomoto et al.
1979 Miyajietal. 1980 Taam & van den Heuvel 1986
Canal et al. 1990aNomoto & Kondo 1991Schwab et al.
2015 Schwab & Rocha 2019 Some recent studies
claimed that ONe WDs can experience explosive oxygen
or neon burning and finally form a subclass of SNe la
(e.g., Marquardt et al. 20L5Jones et al. 2016see also
Isern et al. 19911 The final outcome of ONe WDs (col-
lapse or explosion) is mainly determined by the com-
petition between electron-capture reactions and nuclear
burning. By simulating the long-term evolution of mass-
accreting ONe WDs with different initial masses and var-
ious mass-accretion ratég/u & Wang (2018 found that

the central temperature of ONe WDs cannot reach the
temperature for explosive oxygen or neon burning as th
neutrino-loss apparently increases with the central tempe
ature. Thus, the final outcome of ONe WDs witfy, is

to collapse into NSs.

NSs have been generally thought to be produced
through core-collapse supernovae (SNe) and electron-
capture SNe (e.gvan den Heuvel 2009 As a kind of (4)
electron-capture SNe, AIC events are expected to be
relatively faint optical transients (e.g/oosley & Baron
1992. A small amount £ 1073 — 107! M) of the
ejecta mass is predicted during the collapse, and the
%Ni synthesized is possibly 10~* — 1072 M, (e.g.,
Fryer et al. 1999Dessart et al. 200@007 Metzger et al.
2009 Darbha et al. 20001t has been suggested that AIC
events are fainter than those of typical normal SNe la by
5 mag or more, and last for only a few days to a week
(e.g., Piro & Thompson 201§ Thus, they are relative- (5)
ly short-lived and most likely underluminous. This indi-
cates that this kind of object is difficult to be discovered.
Piro & Kollmeier (2013 suggested that a transient radio
source may appear after the AIC event, which can last for
a few months.

It has been suggested that some of observed pulsars
in globular clusters are significantly younger than the
clusters themselves, which can be explained by the
AIC scenario that could produce newborn NSs with
small kicks (e.g.Boyles et al. 2011

The AIC scenario provides an alternative way to
explain the formation of some millisecond pul-
sars (MSPs; e.g.Bhattacharya & van den Heuvel
1991 Ivanovaetal. 2008 Hurleyetal. 2010
Freire & Tauris 2011 Hurley et al.(2010 found that

the rates of binary MSPs from the AIC scenario are
comparable to those from core-collapse SNe. This
indicates that the AIC scenario plays a key role in
the production of binary MSPs. Note th@hen et al.
(20113 argued that the AIC scenario cannot form
eccentric binary MSPs with an orbital period of
2> 20d even though a high kick is considered. This is
because the formation of eccentric binary MSPs needs
a high kick during the AIC, but the high kick is more
likely to disrupt the binary when the orbit is too wide,
finally forming more isolated MSPs (s&ghen et al.
2011a.

) The AIC scenario can be employed to explain a large

fraction of NSs in globular clusters and the forma-
tion of recycled pulsars with observed low space ve-
locities due to the small kicks and the small amount
of mass-loss during collapse (e.Bailyn & Grindlay
199Q Kitaura et al. 2006Dessart et al. 2006

The recycling process of the AIC scenario can be
applied to explain some mass-accreting NSs with
strong magnetic fields in low-mass X-ray bina-
ries (LMXBs) and some strongly magnetized pul-
sars with He WD companions, which have un-
dergone extensive mass-transfer but do not have
too much matter accumulated onto the surface
of the NSs (e.g.,Taam & van den Heuvel 1986
van Paradijs etal. 1997.i & Wang 1998 Xu & Li
2009.

The AIC scenario has been invoked as an alternative
mechanism for the formation of low-/intermediate-
mass X-ray binaries and low-/intermediate-mass bi-
nary pulsars (e.gvan den Heuvel 1984Canal et al.
1990h Nomoto & Kondo 1991 Li & Wang 1998
Tauris et al. 2012Liu et al. 20183
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Meanwhile, the AIC scenario has been proposed cillations in the inner binary (sel€ozai 1962 Lidov
as a promising way to form some important events, 1962. For a recent review on the Kozai-Lidov mech-
as follows: (1) The ejecta from the AIC process has anism, sedNaoz(2016. The merger-induced collapse
been claimed as a possible source of r-process nucle- for double-degenerate binaries mainly produces single
osynthesis (e.g.Wheeler etal. 1998Fryer etal. 1999 isolated NSs, whereas the outcomes of triple systems
Qian & Wasserburg 2007(2) The AIC process has been via AIC likely form NS binaries with long orbital pe-
proposed as a source of gravitational wave (GW) emis-  riods.
sion (e.g.,Abdikamalov et al. 2010 (3) The AIC sce-
nario may be a novel source of cosmic rays and of cos- In this article, we mainly review recent progress on the
mological gamma-ray bursts (e.gJsov 1992 Dar etal.  currently most popular progenitor models of AIC events,
1992 Lyutikov & Toonen 2017. Piro & Kollmeier (2016  including the single-degenerate model in Sectiband
recently argued that the AIC scenario can potentially formthe double-degenerate model in Sect®rin Section 4,
rapidly spinning magnetars, in which the newborn magwe review recent results of binary population synthesis
netars supply an attractive site for producing ultrahighfor producing AIC events, including the predicted rates of
energy cosmic rays. (4) It has been suggested that AIGIC events in the Galaxy, the mass distribution of NSs via
may provide an alternative way to resultin fast radio burstAIC and the GW signals from double WDs that may pro-
(e.g.,Moriya 2016 Cao et al. 2018Margalitet al. 2019 duce AIC events. We summarize recent theoretical and ob-
(5) Belczynhski et al (2018 recently argued that the AIC servational constraints on the detection of AIC events in
scenario can contribute to the formation of double NSsSection5. Finally, a summary is given in Secti@n
in the globular cluster dynamical channel. In this chan-
nel, an NS+ONe WD binary interacts with a CO WD,
during which the ONe WD merges with the CO WD, 2 THE SINGLE-DEGENERATE MODEL
leading to the formation of an NS via AIC (see fig. 3 of
Belczyhski et al. 2018

Despite the potential importance of the AIC process, |t
is still uncertain about their progenitor models. Meanehil
the theoretical rates of AIC events remain highly uncer-

In this model, an ONe WD grows in mass by accreting
H-/He-rich matter from its non-degenerate companion that
ould be a main sequence (MS) or a slightly evolved s-
tar (the ONe WD+MS channel), a red giant (RG) star
tain. Similar to the progenitor models of SNe la, two clas- (the ONe WD+RG channel) or even a He star (the ONe
sic kinds of progenitor models for AIC events have been WD+He star channel). The accreted matter will be burned
"nto C and O, and accumulate on the surface of the ONe
proposed so far (i.e., the single-degenerate model and tr\]ﬁD resulting in mass increase of the WD. When the ONe
double-degenerate model), as follows: | . )
WD increases its mass closeltf-y,, an AIC event may be
(1) The single-degenerate model. In this model, an Pproduced. Note that the maximum stable mass for a WD
ONe WD grows in mass by accreting matter fromis likely to be larger thanV/cy, in consideration of rota-
its non_degenerate Companion_ An AIC eventtion (e.g.,Ostriker & Bodenheimer 1968foon & Langer
may be produced once the ONe WD increases it2004 Wang et al. 2014
mass close toM¢y, (e.g., Nomoto & Kondo 1991 Tauris et al(2013 studied the binary computations of
Yungelson & Livio 1998 Ivanova & Taam 2004 ONe WD+MS/RG/He star systems that may undergo the
Taurisetal. 2013 Brooksetal. 2017 Liuetal. AIC process and then be recycled to produce binary pul-
2018a Wang 2018aRuiter et al. 2019 The single- sars. However, they only considered the case with the ini-
degenerate model mainly produces NS binary systemisal mass of ONe WDV}, = 1.2 M. By adopting the
through AIC. optically thick wind assumption (sd¢achisu et al. 1996
(2) The double-degenerate model. This model is usually Wang (20183 investigated the ONe WD+MS/RG/He s-
called merger-induced collapse, in which an AIC eventar channels for producing AIC events in a systematic
results from the merging of double WDs with a total way with differentM(),.. Compared with the results of
mass heavier thail¢y; the merging of double WDs Tauris et al.(2013, the initial regions of AIC events ob-
was caused by GW radiation that results in its orbittained byWang (20183 are notably enlarged, mainly due
shrinking (e.g.Nomoto & Iben 1985Saio & Nomoto to different prescriptions for the case of rapid mass-fiems
1985 Ruiter etal. 2019Liu & Wang 202Q. In ad-  process. In addition)Vang et al(2017 recently found that
dition to the orbital evolution caused by GW radia- the CO WD+He star systems may also form NS systems
tion, the merger of double WDs in triple systems canthrough the AIC process when off-center carbon ignition
be caused by the Kozai-Lidov mechanism, in whichhappens on the surface of the CO WD, known as the CO
secular gravitational effects result in eccentricity os-WD+He star channel (see alBoooks et al. 2016
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Fig.1 Evolutionary scenarios to ONe WD+MS systems that can fori@ @vents. In Scenario B, some cases will not
experience the second RLO&aghed box).

2.1 TheONeWD+MS Channel ducing AIC events are in the range df; ; ~ 8 — 11 M,
q= Ms;/M;; ~0.2—0.4andP" ~ 40 —900 d, in which
2.1.1 Evolutionary scenarios M, M, ¢ and P! are the initial masses of the primor-

dial primary and the secondary, the initial mass-ratio and
In this channel, AIC events originate from the evolutionthe initial orbital period of the primordial systems, respe
of ONe WD+MS systems. According to the evolutionarytively!. About three quarters of AIC events from the ONe
stage of the primordial primary (massive star) when it firstSNe la channel are produced through this scenario.
fills its Roche lobe, there are two evolutionary scenariosto  Scenario B: The primordial primary first fills its
form ONe WD+MS systems and then produce AIC eventRoche lobe at the early asymptotic giant branch (EAGB)
(see Fig.1), in which Scenario A is the main way to form stage or the first giant branch (FGB) stage, and then a
AIC events (se&Vang 2018 CE may be formed due to the dynamically unstable mass-

Scenario A: The primordial primary fills its Roche transfer. If the CE can be ejected, the primary will turn
lobe at the Hertzsprung gap (HG) Stage' |eading to a Caé@to a He RG star. The He RG continues to evolve and
B mass-transfer process. In this case, a common envalll quickly fill its Roche lobe again, leading to a sta-
lope (CE) may be formed because of the large mass-ratigle Roche lobe overflow (RLOF) process. After the mass-
or the convective envelope of the Roche lobe filled stariransfer process, the primary becomes an ONe WD, result-
After ejection of CE, the primordial primary turns out to ing in the formation of an ONe SNe la system. For this sce-
be a He subgiant star. The primary continues to evolve

and will form a He RG star when its central He is ex- ! The range of initial parameters was obtained under soméfispec
: : ; : ssumptions for both the primordial binaries and binamraattions in the
hausted. The primary will expand quickly at this stage an(Zinary population synthesis studies ($&ang 2018alLiu & Wang 2020.

will fill its Roche lobe again, resulting in a stable mass-Here, we set the CE ejection parameterz A to be 1.5. If we adopt a low

transfer process. After that, the primary becomes an ON\‘}’B"UP:e OfO_fCE)E}| ,(el-%-_' 0.5), the ilgma'l orbital PeriOde”I' begome 'Or?ger
. . . as the primordial binaries could release more orbital gnérging the
WD, formlng an ONe WD+MS system. For this scenario, cg ejection so that they can evolve to the initial parametgions for

the initial parameters of the primordial binaries for pro-producing AIC events.
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mass via optically thick wind. (4) The left boundaries are
~ determined by the case that RLOF starts when the MS
| | donor is still in the zero age stage.

Y In addition, metallicites may have an important ef-
fect on the initial contours for producing AIC events. In
Figure 2, we set metallicitityZ = 0.02 (also in Fig.4
and Figs.6-7). If a different metallicity is adopted, the
ifmfi-‘x@ initial contours in Figure2 will be changed. The initial

Wi 120, contours for producing WDs withV/¢;, would be en-

MZEZ:LBM@ larged to have larger mass donors and longer orbital pe-
i riods with the increase in metallicity (e.gMeng et al.
iy o o5 p 5 2009 Wang & Han 2019 The influence of metallici-

log P' (days) ty on the initial contours in Figuréd and Figures6—7

. . _ is similar to that of Figure 2. For more studies on the
Fig.2 Initial parameter regions of ONe WD+MS SyStemSWD+MS channel for producing WDs with/.. see
for producing AIC events in theog P' — M) plane with P 9 Chs '

variousMj ... Source: FronWang(20183. e.g.,Li & van den Heuvel(1997), _Hachisu_et al(19993,
Langer et al (2000, Han & Podsiadlowsk{2004 2006,

Wang et al(2010, etc.

nario, the initial parameters of the primordial binaries fo
producing AIC events are in the rangeldf ; ~ 6-8 Mo,  2.1.3 Pre-AIC systems

g~ 0.2—0.4andP' ~ 400 — 1000 d. About one quarter

of AIC events from the ONe SNe la channel are produceq}, o observations, the pre-AIC systems (i.e.,
through this scenario. Note that the mass-transfer proce

from a He RG to an MS indicated by the dashed box o?ﬁe
Figurel may not be indispensable in some cases.

the pro-
nitor systems of AIC events) with MS donors could
potentially be identified as supersoft X-ray sources and
cataclysmic variables (e.g., classical novae, recurrent n
vae and Ne novae) during the mass-accretion process.
Supersoft X-ray sources are CO/ONe WD binaries where
steady nuclear burning (stable H-/He-shell burning) oc-
curs on the surface of the WDs (e.gan den Heuvel et al.
1992 Rappaport et al. 1994which are strong progenitor

ndidates of AIC events if the ONe WD can grow in mass
close toMcy,.

2.1.2 Parameter space for AlC events

After the formation of ONe WD+MS systems, the ONe
WD could accrete H-rich matter from its MS companion
when it fills its Roche lobe. The accreted H-rich matter is
burned into He, and then the He is processed into C an
O. The ONe WD may collapse into an NS when it grows
in mass close td/,. Figure2 shows the initial parameter Classical novae and recurrent novae are thermonucle-
regions of AIC events for the ONe WD+MS channelin thear explosions that happen in the surface shell of accreting
log P! — M3 plane with differentV(y,, whereMj isthe  CO/ONe WDs (i.e., CO WDs or ONe WDs) in binaries,
initial mass of the MS star an&' is the initial orbital pe-  eventually resulting in the dynamic ejection of the sur-
riod of the ONe WD+MS system. In order to produce AIC face shell. They usually contain a massive WD with mass-
events, the ONe WD should have MS companions with ini-accretion rates below the minimum rate for stable shell nu-
tial masses ofv 2 — 4.2 M, and initial orbital periods of clear burning (se&arner 199% Wu et al.(2017 recent-
~ 0.5 —164d. ly found that nova outbursts can make the WDs grow in
The boundaries of the initial regions in Figu2eare  mass toM¢y. U Sco is a recurrent nova, which contains
mainly constrained by the following conditions: (1) The a1.55 + 0.24 M, WD and a0.88 £+ 0.17 M, MS donor
lower boundaries are set by a low mass-transfer rate thatith an orbital period of~ 0.163d (e.g.,Hachisu et al.
prevents the ONe WDs growing in mass té;, during  200Q Thoroughgood et al. 2001Mason (2017 derived
H-shell flashes. (2) The upper boundaries are constrainea relatively high [Ne/O] abundance for U Sco during it-
by a high mass-transfer rate owing to a large mass-ratie outburst in 2010, indicating that it may be a nova out-
between the MS star and the ONe WD, making the biburst which occurred on the surface of an ONe WD.
naries lose too much mass through optically thick wind. However,Mason(2011) neglected the effects of collision-
(3) Binaries beyond the right boundaries undergo a relas on the formation of an emission line spectrum (see also
tively rapid mass-transfer process due to rapid expansioMikotajewska & Shara 20)7Mason(2013 corrected this
of the MS donors during the HG stage, losing too muchcomputational error and suggested only a mild overabun-
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dance of Ne in the ejecta of U Sco, possibly consistent witlturrent LMXBs and LMBPs may descend from the evo-
a CO WD. lution of intermediate-mass X-ray binaries (IMXBs; e.g.,

Ne novae are a subclass of classical novae, in whicRodsiadlowski et al. 2002i 2002, 2015.
an important feature is the significant enrichment of Ne  As an alternative way to form MSPs, the AIC scenario
detected in the ejecta (e.d\ndrea et al. 1994Gehrz etal.  could possibly help to explain the issue of rate of MSPs
1998 Denissenkov et al. 20)4There are many Ne novae in the Galaxy (e.g.Bailyn & Grindlay 1990 Hurley et al.
in the observations, which are thought to occur on the most010. Tauris et al(2013 suggested that ONe WDs with
massive WDs (e.g\Wanajo et al. 1999Shore et al. 2003 MS donors could form fully recycled MSPs with wider or-
2013 Downen et al. 20131t has been estimated that about bital periods { 10 — 60 d; see alsdurley et al. 201D By
1/3 of the observed nova systems contain ONe WDs (se@)nsidering the irradiation-excited wind in accreting ONe
Gil-Pons et al. 2008 Casanova et a(2016 recently per- WD binaries,Ablimit & Li (2019 found that ONe WDs
formed 3D simulations of mixing at the core-envelope in-With MS donors could naturally reproduce the formation
terface during nova outbursts. They found that ONe WD$f LMXBs with strong-field NSs like 4U 1822-37. They
(as in Ne novae) produce higher metallicity enhancementuggested that this channel can explain MSPs with He WD
in the ejecta than that on the surface of CO WDs (i.e., nonsystems for orbital periods in the range-0f0.1 — 30d.
Ne novae; see algBlasner et al. 20)2The ONe WD usu-  In recent years, with the increasing number of observed
ally contains an ONe core surrounded by a CO-rich manmagnetic WDs, the magnetic field may play a key role
tle, where extensive He-shell burning has occurred (e.gin the evolution of WD binaries (e.gAblimit & Maeda
Gil-Pons & Garcia-Berro 200Gil-Pons et al. 2008 2019ab). Under the assumptions of magnetic confinemen-
t scenario and evaporative windsblimit (2019 recent-
ly argued that the AIC scenario is an alternative way
to form two peculiar kinds of eclipsing MSPs, i.e., red-
After the AIC process, the MS donor may fill its Roche backs and black widows. For more studies on the forma-
lobe again, and transfer H-rich matter and angular molion of MSPs, see, e.grpon & Langer(2009, Chen et al.
mentum onto the surface of the newborn NS. The postt?013, Jia & Li (2014, Zhu et al.(2019, Smedley et al.
AIC systems with MS donors could potentially be iden- (2017, Liu & Li (2017, etc.
tified as LMXBs and the resulting low-mass binary pul-
sars (LMBPs) in the observations, especially most notablg-2 The ONe WD+RG Channel
MSPs. The post-AIC evolution with MS donors is simi-
lar to that of normal LMXB evolution. The only differ-

ence is thfit the MS donor has_already lost some of it?n this channel, AIC events originate from the evolution

matter during the pre-AIC evolutioffodsiadlowski et al. of ONe WD+RG systems. There is one evolutionary s-
(2009 suggested that some of the LMXBs COnSiStingcenario to form ONe WD+RG systems and then produce
of an NS and an MS donor with initial orbital period- AIC events (see Fig®). Compared with the ONe WD+MS

s below the bifurcation period may eventually evolve 1O.hannel. AIC events in the ONe WD+RG channel origi-

ultra-compact X-r_ay binaries (UC_XBS) that are a SUb-nate from wider primordial binaries (e.gifang 2018a
class of LMXBs with ultra-short orbital periods60min) 1,4 primordial primary fills its Roche lobe when it e-

and hydrogen-poor donors (;ee, eNelson etal. 1986 volves to the thermally pulsing asymptotic giant branch

Nelemans & Jonker 2010auris 2018Chen et al. 2020 (TPAGB) stage. In this case, the mass-transfer process is
MSPs are believed to be old radio pulsars with shorlynamically unstable and a CE may be formed. If the CE

spin periods £30ms) and weak surface magnetic field-can be ejected, the primordial primary turns into an ONe

S (~ 10°® — 10” G), most of which are discovered in bi- WD. Subsequently, the primordial secondary continues to

naries (e.g.Lorimer 2008. In the standard recycling s- evolve and will become an RG star. At this moment, an

cenario, it has been thought that MSPs can be producedNe WD+RG system is formed. For this channel, the ini-

from the evolution of LMXBs, in which the NSs origi- tial parameters of the primordial binaries for producing

nated from core-collapse SNe (type Ib/Ic) and obtainehIC events are in the range o, ; ~ 6-8.0 My, q<0.3

sufficient mass from their companions, finally spinningandP! ~ 1000 — 6000 d.

up to millisecond periods (e.gChanmugam & Brecher

1987 Bhattacharya & van den Heuvel 1991However, 222 parameter space for AIC events

there is a discrepancy between the rates of Galactic

LMXBs and MSPs for the standard recycling scenari-After the formation of ONe WD+RG systems, a CE may

o (e.g,Kulkarni & Narayan 1988 Note that part of the be easily formed when the RG star fills its Roche lobe, re-

2.1.4 Post-AlC systems

2.2.1 Evolutionary scenarios
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ZAMS . . ZAMS transfer process from an RG donor (e@e et al. 201))
Liu et al. (2019 recently enlarged the parameter space of
WD+RG systems for producing WDs witl¢y,. It seems
TPAGB .. MS that the adiabatic mass-transfer prescription for RG donor
o is still highly uncertain (e.g\Woods & Ivanova 201} but
the work byLiu et al.(2019 at least provides an upper lim-
CE it for the parameter regions that can form WDs witfy,.
TPAGB . ‘ MS Figure4 presents the initial parameter regions of AIC
events for the ONe WD+RG channel in theg P — MJ
plane with differenf\/} .. In order to produce AIC events,
the ONe WD should have RG companions with initial
ONe WD @ . MS masses ofv 0.7 — 1.9 M, and initial orbital periods of
l ~ 3—800d. The constraints on the boundaries of the initial
regions in Figured are similar to those of Figur2 Note
that some previous studies significantly extended the pa-
rameter space for forming WDs with/y,, although their
results are strongly dependent on the model assumptions
(e.g.,.Lu etal. 2009Chen et al. 2011c

l Dynamically unstable RLOF

l CE ejection

ONeWD( @ -

stable RLOFl

AIC ¥

RG

2.2.3 Pre-AlC systems

Fig.3 Evolutionary scenario for ONe WD+RG systems 1he Pre-AlC systems with RG donors could poten-
that can form AIC events. tially be identified as symbiotics in the observations.

Symbiotics play a crucial role in the evolution of semi-
Y detached/detached binaries. They are CO/ONe WD bina-
Moxe=1.0Mo ries with long orbital periods, usually consisting of a hot
I e ;:)i;’j WD and an RG companion (s&euran & Cameron 1971
, i DN ML::LSM: The hot WD could accrete H-rich matter from an evolved
/ / W RG star through the RLOF process, but in most cases
e : \ 1 through the stellar wind of the RG star.
-.\“j ~. /,/' \f\\_ Symbiotic novae are a subclass of symbiotics, in which
TN Qp the mass accretor (CO/ONe WD) experiences a classi-
RN A cal nova outburst. Many symbiotic novae have WD mass
A 1 close to M¢;, with RG companions in observations, for
INETTPT E example, T CrB (e.gBelczyhski & Mikotajewska 1998
N RS Oph (e.g.Brandi et al. 2009Mikotajewska & Shara
: : : 1 : s 1 2017, V745 Sco (e.g.Drake et al. 20160rlando et al.
‘ 2017, J0757 (e.g.Tang et al. 201p etc. Note that it is still

not exclusively identified whether the WD in these symbi-
Fig.4 Same as Fig2, but for the ONe WD+RG channel. gtic novae is an ONe WD or a CO WD.
Source: FromiVang(20183.

T T T T T T

1.5

My (M)

log P' (days)

2.2.4 Post-AlC systems

sulting in a small parameter space for producing WDs withCompared with ONe WD+MS systems, the ONe WD+RG
Mgcy, (e.g.,Li & van den Heuvel 1997Yungelson & Livio  star systems could evolve to form more mildly recycled
1998. In order to stabilize the mass-transfer process anMSPs with He WD companions or even CO WD com-
then to prevent the formation of the CHachisu etal. panions. The post-AlC systems with RG donors could po-
(19991 argued that the stellar wind from the WDs could tentially be identified as LMXBs and the resulting young
strip some mass from the RG stars, but this mass-strippinglSPs with long orbital periods 500 d; seeTauris et al.
scenario is still strongly debated and has not been cor2013. For the ONe WD+RG star channel, the orbital pe-
firmed by observations (e.gAblimitetal. 2014. By riod at the moment of the AIC and the orbit for the sub-
adopting a power-law adiabatic supposition for the masssequent post-AlC systems (NS+RG systems) are relatively
transfer prescription that can be applicable for the masdarge. It has been suggested that such newborn NS bina-
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ries with wide separations increase the possibility of dis- Scenario C: The primordial primary first fills it-

ruption by stellar encounters in a globular cluster (e.g.s Roche lobe when it evolves to the TPAGB stage and
Verbunt & Freire 2014Belloni et al. 202), possibly lead- the primordial secondary evolves to the He-core burning
ing to the formation of isolated young NSs in globular clus-stage. In this case, the mass-transfer is dynamically un-

ters as suggested Bwuris et al(2013. stable and a CE with double cores will be formed. If the
CE can be ejected, an ONe WD+He star system will be

2.3 TheONeWD+He Star Channel produced. In this scenario, the initial parameters of tlve pr
mordial binaries for producing AIC events are in the range

2.3.1 Evolutionary scenarios of My; ~ 6 —8Mg, g > 0.9 andP' ~ 800 — 6000d.

. - . Only about 5% of AIC events from the ONe WD+He star
In this channel, AIC events originate from the evolution of . .
channel are produced through this scenario.

ONe WD+He star systems. According to the evolutionary
stage of the primordial primary when it first fills its Roche 3.2 Par for AIC
lobe, there are three evolutionary scenarios to form ONg' : ameter space for events

WD+He star systems and then produce AIC events (Seggier the formation of ONe WD+He star systems, the ONe
Fig.5). Among the three scenarios, AIC events are mainlyy 5 coyq accrete He-rich matter from its He star compan-
produced by Scenarios A and B, in which each scenarig,, o it fills its Roche lobe. The accreted He-rich mat-
o contributes about half of AIC events through the ONeter is converted into C and O, enabling mass growth for
WD+He star ch.annel (savang 2018 ~ the WD. The ONe WD may form an AIC event when it

Scenario A: The primordial primary first fills its Fgrows in mass close tb/cy,. Figure6 represents the initial
Roche lobe at the HG or FGB, leading to a stable RLOF, 5 rameter regions of ONe WD+He star systems that can
process. After the mass-transfer process, the primary bgs,q 1o AIC events in théog P' — M} plane with differ-
comes a He star and continues to evolve. Subsequentlé(mM(i)N In order to produce AIC events, the ONe WD

. . . e’ ’

the He star will exhaust its central He and expand quicklyghouid have He star companions with initial masses. of
The primary will fill its Roche lobe again at the He sub-j ¢35 5 M, and initial orbital periods of 0.04— 1000 d.

giant or He RG stage. In this case, the He-rich matter ise constraints on the boundaries of the initial regions in
transferred onto the surface of the secondary MS star IRigure6 are similar to those of Figur2

a stable way, after which an ONe SNe la system will be
formed. The MS secondary continues to evolve and WiII2 3.3 Pre-AIC systems
fill its Roche lobe at the HG or FGB stage. At this stage,

the mass-transfer is dynamically unstable and a CE may, the observations, the pre-AIC systems with He star
be formed. If the CE can be ejected, an ONe WD+He stagonors could potentially be identified as supersoft X-ray
system is formed. In this scenario, the initial parametérs osgurces and He novae when the ONe WD accretes He-rich
the primordial binaries for producing AIC events are in thematter. (1) ONe WD+He star systems may appear as super-
range ofM;; ~ 6 — 11 Mg, ¢ > 0.2 andP' < 2500d.  soft X-ray sources during the stable He-shell burning stage
More than 40% of AIC events from the ONe WD+He star The ONe WD will have a luminosity in the range 1f37 —
channel are produced through this scenario. 1038 ergs—! when the He-shell burning is stable, consis-
Scenario B: The primordial primary first fills its tent with that of the observed supersoft X-ray sources
Roche lobe when it evolves to the EAGB or FGB stage, ang103¢ — 10%%ergs—!; e.g., Kahabka & van den Heuvel
transfers H-rich matter onto the surface of the secondary997. (2) V445 Pup is a unique event discovered as a
in a dynamically unstable way, leading to the formation ofHe nova so far, in which the WD had increased its mass
a CE. After the CE ejection, the primary becomes a Heslose toM ¢, due to the accumulated material during nova
subgiant and continues to evolve. The primary will fill its outbursts (e.g.Ashok & Banerjee 200ato et al. 2008
Roche lobe again at the He RG stage and stably transfgyoudt et al. 2009 It has been suggested that V445 Pup
He-rich matter onto the secondary MS star. Subsequentlgontains a CO WD but not an ONe WD due to no enhance-
the binary turns into an ONe SNe la system and will ement of Ne detected in the ejecta (S&eudt & Steeghs
volve to an ONe WD+He star system after experienc2005. Thus, we speculate that V445 Pup may produce an
ing the same evolutionary path as presented in Scenar®N |a but not an AIC event.
A. For this scenario, the initial parameters of the primor-
dial binaries for producing AIC events are in the range of2 34 pogt-AIC systems
Mp; ~6—11Mg, g > 04 andP' ~ 300 — 6000d.
More than half of AIC events from the ONe WD+He star Compared with the LMBPs, intermediate-mass binary pul-
channel are produced through this scenario. sars (IMBPs) include an NS and a massive CO/ONe WD.
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Fig.5 Evolutionary scenarios for ONe WD+He star systems thatean AIC events.

The post-AIC systems with He star donors could po-
tentially be identified as IMXBs and eventually produce
IMBPs with short orbital periods. It has been suggested
that most IMBPs may originate from IMXBs that consist
of an NS and & — 10 M MS donor, known as the clas-
sic IMXB evolutionary scenario (e.g?odsiadlowski et al.
2002 Tauris etal. 2012 However, Tauris et al. (2000
claimed that the IMXB evolutionary scenario is hard to
form IMBPs with short orbital periods<( 3 d). Note that
the classic IMXB evolutionary scenario may also produce |
compact IMBPs when considering the effect of anomalous L=~~~ 7
magnetic braking of Ap/Bp donors (e.glustham et al.
2006 Shao & Li 2012 Liu & Chen 2014. - 0 ! ? 3
log P* (days)

Fig.6 Same as Fig, but for the ONe WD+He star chan-
nel. Source: FronWang(20183.

Moy,=1.0M,
,,,,, Mgye=1.1M¢
....... My =1.2My ]

ONe’
i
— — — My =1.3M,

ONe’

My (My)
2

Chen & Liu (2013 proposed an alternative evolution-
ary way (i.e., the NS+He star channel) to form IMBPs with
short orbital periods< 3 d), but their work can only ac-
count for part of the observed IMBPs with short orbital pe-2 4.1 parameter space for AIC events
riods (see als@ang et al. 201p Liu et al. (20183 recently
studied the ONe WD+He star channel for the formation ofThe CO WD+He star channel has been thought to be one
IMBPs. They found that this channel may explain most ofof the promising ways to form the observed SNe la in y-
the observed IMBPs with short orbital periods. The studie®ung populations, in which a CO WD accretes He-rich
by Liu et al. (20183 can reproduce the observed parame-matter from a He star once it fills its Roche lobe, lead-
ters of PSR J1802-2124 well, which is one of the two pre-ing to the mass-growth of the WD (e.§Vang et al. 2009
cisely observed IMBPs. Ruiter et al. 200 Wang et al.(2017 recently found that

2.4 TheCO WD+He Star Channel
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T T T T

S w—0em, : CO WDs by considering the effect of convective mixing.
——— Me=1.00, They argued that the temperature of the carbon flame is
- Mep=1.10Mg high enough to burn the carbon into silicon-group elements
I 1 in the outer part of the CO core even though convective
. overshooting is considered. They suggested that the carbon

2.5

g’ dn flame will guench somewhere inside the CO WD, leading
o F M 1 tothe formation of a COSi WD that will explode as an SN
Moo la with Si-rich envelope if the mass accretion continues.
al e ‘ "'E_‘HD 49798 ]

2.4.2 Pre-AIC systems

For the CO WD+He star channel, HD 49798 with it-
- o ; 2 s massive WD companion is a possible progenitor can-
log P' (days) didate of AIC events. HD 49798 is &50 + 0.05 M,
Fig.7 Same as Fig2, but for the CO WD+He star Subdwarf O6 star that has a massive compact companion
channel. Thesquare with error bars marks the loca- (1.28 & 0.05 M) with an orbital period ofi.548d (e.g.,
tion of HD 49798 with its massive WD companion (see Thackeray 197Bisscheroux et al. 199®ereghetti et al.
Mereghetti et al. 2009 Source: FronWang(20183. 2009. Krticka et al. (2019 recently derived the mass of
HD 49798 asl.46 + 0.32 M based on the spectroscopic
. . ) . ) surface gravity, which is in agreement with the mass ob-
if the mass-accretion rate is relatively high, the He-iained from the orbital solution Hylereghetti et al(2009.
accreting CO WD will undergo off-center carbon igni- the pinary parameters of HD 49798 with its companion
tion on its surface when it grows in mass closeM@n  4re |ocated in the initial contours of CO WD+He star sys-
(see alsdrooks et al. 201 Previous studies usually sup- tams for the production of AIC events (see FRy. Thus,
posed that the off-center carbon flame will reach the ceng,q speculate that the WD companion of HD 49798 may
ter of the CO WD, leading to the formation of an ONe ¢|apse into an NS eventually. Note that it is still highly
WD that will collapse into an NS through the AIC pro- ncertain whether the companion of HD 49798 is an ONe

cess if the mass-transfer continues (eNpmoto & Iben  \\p or a CO WD (e.g.Liu et al. 2015 Mereghetti et al.
1985 Saio & Nomoto 19851998 Schwab et al. 2006 2016 Popov et al. 2018

Note that there are three evolutionary scenarios to form
CO WD+He star systems and then to produce WDs Witrk_4_3 Post-AIC systems
My, (for the details se@vang & Han 2012
Figure7 presents the initial parameter regions of COCO WD+He star systems could form ONe WD+He star
WD+He star systems for producing AIC events in thesystems due to off-center carbon burning happening on the
log P! — M} plane with differentM(,. In this channel, surface of the He-accreting CO WD if the mass-transfer
the minimum Mz, for the production of AIC events is rate is relatively high (se&vang et al. 201) After that,
0.93 M. In order to produce AIC events, the CO WD the ONe WD+He star systems continue to evolve and form
should have He star companions with initial masses oNS+He star systems if AIC happens, in which the newborn
~ 1.2—3 Mg and initial orbital periods of- 0.04—160d. NS may be recycled when the He star refills its Roche lobe
The constraints on the upper and left/right-hand boundarieagain. Similar to the ONe WD+He star channel, the post-
of the initial regions in Figur&Z are similar to those of AIC systems with He star donors could potentially be iden-
Figure 2. The regions below the lower boundaries couldtified as IMXBs, finally leading to the formation of IMBPs.
produce SNe la due to the center carbon ignition when
the WD grows in mass td/cy (seeWangetal. 201 3 THE DOUBL E-DEGENERATE MODEL
Note that some of the CO WD+He star systems beyond the
right-hand boundaries can contribute to the formation ofClose double WDs are the outcomes of low-/intermediate-
massive double CO WDs (e.qRuiter et al. 2013Liuetal.  mass binaries, playing a key role in modern astrophysic-
20185. s. They are expected to be potential low-frequency GW
It is still highly uncertain how the carbon flame prop- emission sources in the Galaxy (see Sect. 4.3) and con-
agates when off-center carbon ignition happens on the sutain important information for the constraints on CE evo-
face of CO WDs, leading to some uncertainties in the finalution (e.g.,Han 1998 Nelemans et al. 2001dn the clas-
fates of He-accreting CO WD&\Vu et al. (2020 recent-  sic double-degenerate model of AIC events, a WD merges
ly studied the off-center carbon burning of He-accretingwith another WD in a compact binary with total mass




B. Wang & D. Liu: The Formation of NS Systems through AIC in WD Binaries 136-1

heavier thanMc¢y, finally forming an AIC event (e.g., 3.1 TheDouble CO WD Channel
Lyutikov & Toonen 2017 Ruiter et al. 2019Liu & Wang

2020. The classic double-degenerate model mainly in3-1.1 Evolutionary scenarios
volves the merger of double CO WDs (the double CO L . .
WD channel), the merger of double ONe WDs (the dou_There are three classic binary evolutionary scenarios to
ble ONe WD channel) and the merger of ONe wp+coform double CO WDs that have total massl/c; and
WD systems (the ONe WD+CO WD channel). In addi-Merge I th-e Hubblelt|.rr.1e (see fig. 11 Wlang 20_18b .
tion, an alternative way could be the merging of a WDF_Or S_cenarlo A, the_ initial parameters o_f the primordial
with a core of an asymptotic giant branch (AGB) star dur—blnarles for producing AIC events are in the range of
ing the CE evolution, then in a short or long time lead-_ ' ™ 3= 9Mg, ¢ > 0.2.and P < 1500d. For

ing to AIC (e.g..Sabach & Soker 201€anals et al. 2018 E:enan?(’) B’;r]‘; initial b(;ngary z";;?melt;;(s) ar(ig(‘)(t)h; r:mge of
Soker et al. 2019 Li ™o~ o ¢ >0.5an ~ -5 . For

Scenario C, the initial binary parameters are in the range
of My; ~3—T7Mg,q > 0.5andP! ~ 400 — 5000d. In
For the mergers of double CO WDs, there is some>cenario C, the double WDs can also be formed after the

parameter space to produce AIC events (see Sect. 3.1.5st CE ejection directly in some cases. Among the three
For the mergers of double ONe WDs and ONe WD-+coscenarios, AIC events are mainly produced by Scenarios A
WD systems, the primary ONe WD will collapse into and B, in which each scenario contributes to about 40% of
an NS, resulting from the electron-capture reactions byMC events (se&iu & Wang 202Q. For more discussions
Mg and Ne (e.g.Nomoto & Iben 1985 Saio & Nomoto 0N the formation of double CO WDs, see previous studies
1985 Wu & Wang 2018. The merging of double WDs (e.g.,Han 1998 Nelemans et al. 2001 Ruiter et al. 2009
may also relate to some high-energy events, such as hig913 Toonen et al. 2012vungelson & Kuranov 201)7
energy neutrino emission and short gamma-ray bursts (e.g., The binary evolutionary paths in figure 11 ¥ang
Xiao et al. 2016 Lyutikov & Toonen 2017 Rueda etal. (2018h originate from the CE ejection process before the
2019. Kashyap et ak2018 recently argued that the merg- formation of double CO WDs, known as the CE ejection s-
ers of ONe WD-CO WD systems might also form very cenariosRuiter et al.(2013 proposed an important phase
faint and rapidly fading SNe la through a failed deto-to simulate the formation of double CO WDs, in which the
nation. Liu & Wang (2020 recently studied the forma- primary CO WD is able to grow in mass by accreting He-
tion of AIC events through the merging of different kind- rich matter from a He subgiant companion before form-
s of double WDs in a systematic way. For more studiedng a double CO WD system, called the CO WD+He sub-
on the double-degenerate model of AIC events, see, e.g@iant scenario (see altdu et al. 20162018). Compared
Lyutikov & Toonen(2017 andRuiter et al.(2019. with the CE ejection scenario, the mass-transfer process
before the production of double CO WDs is stable for the
CO WD+He subgiant scenario that allows forming massive
Aside from the contribution to single NSs via AIC, the primary CO WDs and thus more massive double CO WDs.
merging of double WDs may also relate to the formation ofLiu et al.(2018h recently found that the CO WD+He sub-
some other important peculiar objects based on the undegiant scenario has a significant contribution to the forma-
lying compositions of the two WDs, for example, SNe lation of massive double CO WDs that may have He-rich
via the merging of double CO WDs (e.§\Vebbink 1984  atmospheres (double DB/DO WDs in the observations).
Iben & Tutukov 1984 or the merging of CO WD+He-rich By using Sloan Digital Sky Survey (SDSS) and Gaia da-
WD (e.g.,Danetal. 2012Liu etal. 2017 Crocker etal. ta, Genest-Beaulieu & Bergero(019 recently discov-
2017, single hot subdwarfs via the merging of doubleered 55 unresolved double DB WDs, which are observa-
He WDs (e.g.Han et al. 2003Zhang & Jeffery 201 R tional evidence to support the WD+He subgiant scenario
Coronae Borealis (R CrB) stars and extreme He stars vifor producing massive double WDs.
a the merging of CO WD+He WD (e.dWebbink 1984
Iben & Tutukov 1984 Zhang et al. 2014 or some Ca- 3,12 Parameter space for AIC events
rich transients (i.e., subluminous 2005E-like SNe) via the
merging of low-mass CO WD+He WD (e.d?erets etal. The merging of double CO WDs has been thought to be
2010 Meng & Han 201%, etc. Note that AM Canum one of the two major pathways for the formation of SNe la
Venaticorum (AM CVn) binaries may originate from the (e.g., Webbink 1984 Iben & Tutukov 1984. However,
evolution of CO WD+He WD systems (e.gWarner some previous studies suggested that the merging of dou-
1995 Nelemans et al. 200)bor double He WDs (see ble CO WDs may also lead to the formation of NSs vi-
Zhang et al. 2018 a the AIC process; off-center carbon burning may occur
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on the surface of the massive CO WD due to a relativebital period of~4.2h. On the basis of the violent merg-
ly rapid mass-transfer process during the merging, likeer scenario, the final fate of Henize 2-428 may be an SN
ly converting CO WDs into ONe WDs through an in- la but not an AIC event. (2) KPD 1930+2752 is a CO
wardly propagating carbon flame (e.dNpmoto & Iben  WD+sdB binary, which has a total massl1.36 —1.48 M,
1985 Saio & Nomoto 19851998 Timmesetal. 1994 and a~ 0.45 — 0.52 M, sdB star with an orbital peri-
Pakmor et al(2010 suggested that the AIC may be avoid- od of ~2.28 h (e.g.Maxted et al. 2000Geier et al. 200}t

ed when the coalescence process is violent, in which hiu et al. (20188 recently suggested that KPD 1930+2752
prompt detonation is triggered if the merging continueswill form a double WD in~200 Myr due to the evolution
resulting in the formation of an SN la but not an AIC even-of the sdB star, after which it will merge ind Myr. The

t (known as the violent merger scenari®akmor etal. final fate of KPD 1930+2752 may be an AIC event as its
(2017 argued that the mass-ratio of double CO WDs maymass-ratio is far below 0.8.

have a significant influence on their final fates. They sug-  peanwhile, there are some other massive double
gested that the minimum critical mass-ratio for the violentyps in the observations that may have total mass
merger scenario is-0.8 (see als®ato etal. 2006 This  ¢lose to My, e.g., GD 687 (e.g.Geier etal. 201p
indicates that AIC events are likely to be formed when thesgs 1150+599A (se€Tovmassian et al. 2030 V458
mass-ratio of double CO WDs is 0.8. Vulpeculae (seRodriguez-Gil et al. 20)0WD 2020-425

Wu et al. (2019 recently found that the outcomes of (seeNapiwotzki et al. 200y, NLTT 12758 Kawka et al.
double CO WDs mainly depend on the merging processez017), etc. Hollands et al. (2020) recently reported the
(e.g., violent merger, fast merger, slow merger, composgentification of a 1.14/, WD, i.e., WD J0551+4135.
ite merger, etc). On the basis of the thick-disk assumptiomhey argued that the ultra-massive WD with a unique hy-
(i.e., slow merger)Wu etal. (2019 found that the final drogen/carbon mixed atmosphere is consistent with the
evolutionary fates of double CO WDs are strongly depenmerger remnant of double WDs in a tight binary. In addi-
dent on the mass-accretion rate during the merging, whicfion, Borges et al(2020 argued that the anomalous X-ray
can be divided into four regions: (1) off-center O/Ne ig- pulsar 4U 0142+61 may harbor a fast-rotating magnetic y-
nitions, then off-center explosion or Si-Fe cores; (2) ONeoung WD with mass neak/q;,, which can be the recent
cores, then NSs via AIC; (3) OSi cores, then core-collapsgutcome of the merging from two less massive WDs. It has
SNe; (4) explosive carbon ignition in the center, thenpeen proposed that continuous GW emission may be one
SNe la. They also found that the influence of initial WD of the probes to detect ultra-massive WDs direcﬂy by var-

mass and cooling time on the final fates of double CO WDsous future space-based detectors (alita et al. 202).
can be ignored. Compared with the violent merger scenario

(e.9.,Pakmor et al. 201011, Sato et al. 2015 the slow search for double WDs, e.g., the SWARMS survey (e.g.,

merger spenano adopted byu et aI..(2019 allows a low Badenes et al. 200@nd the ESO SN la Progenitor Survey
mass-ratio € 2/3) for double WDs, in which stable mass- (SPY: e.g.,Koester etal. 2001Napiwotzki et al. 2004
transfer can occdr Note that the outcomes of double CO Nelemans et al. 2005Geier et al. 200 Carrasco et al

WDs are still under debate, for more discussions, see, e'%2014) estimated that a large number of double WDs
Han & Webbink (1999, Yoon etal. (2007, Chen etal. may be discovered by Gaia (see alkmnen et al. 201)7
(2019, Kromer et aI.(2913, Taubenberger et a(2013, Tian et al.(2020a recently provided hundreds of double
Molietal. (2019, Tanikawaetal.(2013, Fesenetal. WDs and more than ten thousand WD+MS binaries select-
(2019, Bulla et al.(2019, etc. ed from Gaia Data Release 2 (DR2). In addition, the GPS1
(seeTian et al. 201Yand its extended proper motion cata-
logs (GPS1+; seg&ian et al. 2020pcould provide a more

Henize 2—428 and KPD 1930+2752 are two massive V\/Dgubstantial population of WD binaries due to its accurate
that can merge in the Hubble time. (1) Henize 2-428 i&hotometric and astrometric data from Gaia DR1 (DR2),

a bipolar planetary nebula with a double-degenerate corg.Sl’ SDSS and 2MASS.

Santander-Garcia et 42015 suggested that the nucleus
of Henize 2-428 contains a double CO WD, which has3-2 The Double ONe WD Channel
a total mass~1.76 M., and mass-ratio~1 with an or-

Some systematic surveys have been proposed to

3.1.3 Progenitor candidates

According to the evolutionary stage of the primordial pri-
2 In the slow merger scenario, the less massive WD will belidal mary when it first fills its Roche lobe, there are three evo-
disrupted and form a pressure-supported disk around theivea#/D; Iutionary scenarios to form double ONe WDs that can pro-
the mass-accretion rate from the disk onto the massive Wibisd the . . . . .
duce AIC events (see Fi@), in which Scenario A is the

Eddington rate and the accreting process can last for milliof years . )
(e.g.,Saio & Jeffery 20002002. main way to form AIC events (sdegu & Wang 2020.
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Fig.8 Evolutionary scenarios to double ONe WDs that can form Al€ngs. In Scenario C, some cases will not experi-
ence the second CE ejectiafaghed box).

Scenario A: The primordial primary first fills its Scenario B: The primordial primary first fills its
Roche lobe at the HG stage and transfers H-rich matter st&oche lobe at the FGB phase, and transfers H-rich matter
bly onto the secondary. After the mass-transfer process, thonto the surface of the secondary. In this case, the mass-
primary turns into a He star and continues to evolve. Theransfer process is dynamically unstable and a CE would
He star will fill its Roche lobe again when its central He isbe formed. If the CE can be ejected, the primary turns
exhausted and evolve to be a He subgiant. In this case, tlieto a He subgiant. The He subgiant will quickly fill its
He subgiant stably transfers He-rich matter onto the MSRoche lobe again and stably transfer He-rich matter onto
secondary, after which the primary becomes an ONe WDthe MS secondary. After the mass-transfer process, the bi-
Subsequently, the primordial secondary will fill its Rochenary becomes an ONe SNe la system. Subsequently, the
lobe at the HG stage and start a stable RLOF process. Aft@rimordial secondary will evolve to the HG stage and fill
that, the secondary evolves to a He star and continues to #s Roche lobe. In this case, the mass-transfer is dynami-
volve. The secondary would fill its Roche lobe again whercally unstable and a CE may be formed. After the CE e-
its central He is exhausted and evolve to a He subgiant. ljection, the secondary becomes a He subgiant and will fill
this case, the mass-transfer is dynamically unstable andits Roche lobe again. At this stage, the mass-transfer is al-
CE may be formed. After the CE ejection, the secondango dynamically unstable and a CE will be formed. If the
becomes another ONe WD, i.e., a double ONe WD sys€E can be ejected, a double ONe WD system will be pro-
tem is formed. For this scenario, the initial parameters ofluced. In this scenario, the initial parameters of the pri-
the primordial binaries for producing AIC events are in themordial binaries for producing AIC events are in the range
range ofM; ; ~ 8 —11 Mg, g ~ 0.2—0.8andP' < 40d.  of My; ~ 8 — 11 Mg, ¢ > 0.7 andP' ~ 500 — 1000d.
About 78% of AIC events from the double ONe WD merg- About 7% of AIC events from the double ONe WD merger
er channel are produced through this scenario. channel are produced through this scenario.
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Scenario C: The primordial primary fills its Roche of AIC events from the ONe WD+CO WD merger channel
lobe when it evolves to the EAGB or TPAGB phase and theare produced through this scenario.
primordial secondary evolves to the He-core burning stage  Scenario B: The primordial primary fills its Roche
or the EAGB stage. In this case, a CE may be formed due tgbe when it evolves to the EAGB phase, leading to the
the dynamically unstable mass-transfer. After the CE ejecformation of a CE due to the dynamically unstable RLOF.
tion, an ONe WD+He star system will be produced. Theif the CE can be ejected, the primordial primary becomes
He star continues to evolve and will evolve to a He suba He subgiant and continues to evolve. The He subgiant
giant when its central He is exhausted. At this stage, theill fill its Roche lobe quickly and transfer He-rich mat-
He subgiant will expand quickly and fill its Roche lobe. ter onto the MS secondary stably. After the mass-transfer
The second CE may be formed because of dynamically urprocess, the binary turns to be an ONe SNe la system.
stable RLOF. If the CE can be ejected, a double ONe WDsubsequently, the secondary will fill its Roche lobe at the
system will be produced. Note that the second CE evoluHG phase, and transfer H-rich matter onto the surface of
tion process displayed in the dashed box in Fighireay  the ONe WD. In this case, the mass-transfer is dynamical-
not be indispensable in some cases. For this scenario, thgunstable and a CE may be formed. After the CE ejec-
initial parameters of the primordial binaries for prodin tion, an ONe WD+He subgiant system will be produced.
AIC events are in the range 6, ; ~ 6 — 9 Mo, ¢ > 0.8 The He subgiant will quickly fill its Roche lobe again, and
and P ~ 400 — 6000 d. About 15% of AIC events from transfer He-rich matter onto the ONe WD. At this stage,
the double ONe WD channel are produced through this she second CE may be formed due to the dynamically un-
cenario. stable RLOF. If the CE can be ejected, an ONe WD+CO
WD system will be formed finally. Note that the third CE
evolution process illustrated in the dashed box in Figure
may not be indispensable in some cases. In this scenario,
the initial parameters of the primordial binaries for pro-
According to the evolutionary stage of the primordial pri- ducing AIC events are in the range bf, ; ~ 2 — 11 Mo,
mary when it first fills its Roche lobe, there are three evoy > (.2 and P! ~ 400 — 6000 d. About 30% of AIC events

lutionary scenarios to form ONe WD+CO WD system- from the ONe WD+CO WD merger channel are produced
s and then merge to produce AIC events (see 8igin  through this scenario.

which Scenario A is the main way to form AIC events (s€e  geenario C: The primordial primary first fills its
Liu & Wang 2020. In Scenario A, the primordial prima- Roche lobe when it evolves to the TPAGB phase. In this

ry evolves to a CO WD first and then the primordial seC-case, the mass-transfer is dynamically unstable and a CE
ondary forms an ONe WD, whereas it will be the other WaYmay be formed. After the CE ejection, an ONe SNe la sys-

around for Scenarios B and C. tem is produced. Subsequently, the binary will evolve to
an ONe WD+CO WD system after experiencing similar

3.3 TheONeWD+CO WD Channel

Scenario A: The primordial primary first fills its . i X ) )
Roche lobe at the HG stage and stably transfers H-ricfvolution as presented in Scenario B. In this scenario, the
matter onto the surface of the primordial secondary, Ieao‘.—nitial parameters of the primordial binaries for prodigin
ing to a mass reversal of the binary, i.e., an Algol binaryA‘IC events are in the range 81, ~ 5 — 9 Mo, ¢ > 0.3

is formed. After the mass-transfer process, the primordia‘T‘ndP1 ~ 2001600 d. About 20% of AIC events from the
primary turns into a He star and continues to evolve. ThepNe WD+CO WD merger channel are produced through

He star will exhaust its central He and evolve to a He RG.thIS scenario.

At this stage, the He star will expand quickly and fill its

Roche lobe again. The primordial primary stably transfers; giNARY POPULATION SYNTHESIS

He-rich matter onto the secondary. After the stable RLOF,

the binary becomes a CO SNe la system. Subsequentigjnary population synthesis is a useful approach to sim-
the primordial secondary fills its Roche lobe at the HG orulate a large population of stars or binaries, especially
FGB stage and experiences a stable RLOF process. Aftéor the formation of peculiar stars, and then to compare
that, the primordial secondary becomes a He subgiant artle theoretical results with those of observations (e.g.,
will fill its Roche lobe again. In this case, a CE may beHan et al. 1995Yungelson & Livio 1998 Nelemans et al.
formed due to the dynamically unstable RLOF. If the CE2001ab; Hurley et al. 201} Tablel presents the estimat-
can be ejected, an ONe WD+CO WD system will be pro-ed Galactic rates, NS numbers and delay times of AIC
duced. In this scenario, the initial parameters of the primo events from various channels with different CE ejection
dial binaries for producing AIC events are in the range ofparameters. The estimated Galactic rates of AIC events are
My; ~4—11 Mg, q > 0.2andP' < 1000d. About half  strongly dependent on the value of the CE ejection param-
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Fig.9 Evolutionary scenarios for ONe WD+CO WD systems that camfatC events. In Scenarios B and C, some cases
will not experience the third CE ejectioddshed box).

eteracgA that is still highly uncertain (e.glyanova et al. The estimated Galactic number of NS systems orig-
2013. inating from the single-degenerate model may be in the

range of~ 0.4 —1.1 x 107, and the single NS number from
4.1 Predicted Ratesof AlC Events the double-degenerate model ranges frond.2 — 1.1 x

108. In the single-degenerate model, the ONe WD+He s-
Figure 10 depicts the evolution of AIC rates changing tar channel is the main way to produce AIC events, and
with time in the Galaxy. The estimated rates of AIC we cannot ignore the contribution of the CO WD+He s-
events in the Galaxy are in the rangeof0.3 — 0.9 x  tar channel when studying AIC events. In the double-
10~3yr~! for the single-degenerate model and1.4 —  degenerate model, the double CO WD channel plays a
8.9 x 10~ 3yr~! for the double-degenerate model, in main role in the formation of AIC events though some un-
which the double-degenerate model plays a dominant role€ertainties for this channel exist. If we did not consider th
Fryer et al.(1999 estimated that the rates of AIC events contribution of double CO WD mergers, the Galactic rates
range from10~7 — 10~° yr—! by modeling the r-process of AIC events from the double-degenerate model will de-
nucleosynthetic yields of neutron-rich ejecta through thecrease tev 0.6 — 4.7 x 1073 yr~!, and the corresponding
AIC process. Although it is still under debate whether thesingle NS number decreases+td.4 — 4.5 x 107.
AIC process produces the r-process elements or not (e.g., Lyutikov & Toonen (2017 recently investigated the
Fryer et al. 1999Qian & Wasserburg 20Q7the theoreti- formation of AIC events from the merging of ONe
cal AIC rates in this review at least provide an upper limitWD+CO WD systems in a systematic way. The predict-
for the AIC events. ed rates of AIC events in Table for the ONe WD+CO WD
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Table 1 The Estimated Galactic Rates, NS Numbers and Delay Timed®©fEvents for Various
Channels with Different Values of CE Ejection Parameters

Channels QCEA VAIC Number Delay Times
(10—3yr1) (107) (Myr)
ONe WD+MS 0.5 0.138 0.165 110 — 1400
ONe WD+MS 1.5 0.079 0.095 70 — 1400
ONe WD+RG 0.5 0.012 0.014 1400 — 6300
ONe WD+RG 1.5 0.033 0.040 1400 — 6300
ONe WD+He star 0.5 0.105 0.126 40 — 140
ONe WD+He star 1.5 0.676 0.811 30 — 180
CO WD+He star 0.5 0.083 0.100 50 — 110
CO WD+He star 1.5 0.129 0.155 50 — 110
Double CO WDs 0.5 1.129 1.356 > 90
Double CO WDs 1.5 5.160 6.194 > 110
Double ONe WDs 0.5 0.051 0.061 > 55
Double ONe WDs 1.5 0.285 0.342 > 55
ONe WD+CO WD 0.5 0.268 0.321 > 55
ONe WD+CO WD 1.5 3.486 4.184 > 55

We adopt metallicityZ = 0.02 and a constant star-formation rate of/o yr—! in our Galaxy. The results for differ-
ent single-degenerate models are fréavang (20183, whereas the results for different double-degenerateetsaate from
Liu & Wang (2020.

Notes:acg A = CE ejection parametery ;¢ = Galactic rates of AIC event§yumber = Expected number of NS systems
from the single-degenerate model or single isolated NSs fhe double-degenerate model in the Galaxy.
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ig. 11 Delay time distributions of AIC events based on a

Fig.10 Evolution of the predicted AIC rates as a func-
CEingle starburst with a total mass t#'° M. The results

tion of time in the Galaxy for the single-degenerate an

double-degenerate models with differeniz by adopt- ¢ G0 single-degenerate model are frévang (20183,

ing metallic_iEyZ = 0.02and a constant star-formation rate hereas the results for the double-degenerate model are
of 5 My yr~. The results for the single-degenerate mode rom Liu & Wang (2020.

are fromWang (20183, whereas the results for the double-
degenerate model are frdoiu & Wang (2020.

and the double CO WD channel in the double-degenerate
model.
channel are compatible with those lofutikov & Toonen The delay times of AIC events represent the time inter-
(2017 if a small value ofacgA is adopted. Employing val from star formation to the occurrence of AIC. Figare
a binary population synthesis method, Ruiter et alpresents the delay time distributions of AIC events based
(2019) recently systematically studied the single-/deubl on a single starburst with a total massl6f® M, in stars.
degenerate models of AIC events. The predicted Galactiln the single-degenerate model, the ONe/CO WD+He star
rates of AIC events in this review are somewhat higherchannels mainly contribute to AIC events with short delay
than those oRuiter et al.(2019. The main reason is that times after the starburst, the ONe WD+MS channel to the
Ruiter et al(2019 did not consider the contribution of the intermediate delay times and the ONe WD+RG channel to
CO WD+He star channel in the single-degenerate modehe long delay times. AIC events with the shortest delay
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s, etc.Beznogov et al(2020 recently suggested that NSs
———— originating from AIC may be observable during the neo-
0zl o Double ONe WPs | NS (i.e., hot NS) stage, in which the NS has just become
o8| . Double CO WDs_| 1 transparent to neutrinos. For more studies on isolated NSs,
016 - T 1 see, e.g.Tauris & van den Heuve2006, Popov(2011),

] Liu & Li (2019, Soker(2020, Jiang et al(2020, etc.

i Figure 12 presents the total mass distribution of d-
. ifferent double WD mergers for producing AIC events.
] The total masses of double WD mergers are mainly
: in the range of~ 1.4 — 2.8 M, which at least pro-

- Ll vides an upper limit for the maximum mass of the
2ot T e 20 a2 242828 30 formed single isolated NSs. Currently, the most reli-
able constraints on the maximum mass of NSs are

. o . _ from the mass determinations of the massive pulsar bi-
Fig.12 The total mass distributions of different kind- P

s of double WD mergers for producing AIC events with "2"1€S N the OE(?%V""“O”S’ e.g., PSR J0740+6620 with
ace) = 1.0. The data points forming these distributions Mxs = 2.147q 59 Mo (see Cromartie etal. 2020
are fromLiu & Wang (2020. PSR J0348+0432 with\/xyg = 2.01 £ 0.04 M, (see

Antoniadis et al. 2018and PSR J1614-2230 with/ing =
1.9740.04 Mg, (Demorest et al. 20)0These observation-

times have a He star donor at the moment of NS formadl Values provide a lower limit on the maximum mass of

tion, and the corresponding post-AIC systems with He stapI S

donors may eventually produce IMBPs with short orbital ~ For the double-degenerate model of AIC events, the
periods (see Sects. 2.3.4 and 2.4.3). AIC events with thidtal merging masses are mainly in the rangelaf —
longest delay times have an RG donor at the moment o}-4 M for the mergers of double CO WD2,0 — 2.8 Mg,

NS formation, and most of the post-AlC systems with RGfor the mergers of double ONe WDs ahé — 2.7 M, for
donors will finally form NS+He WD systems with long or- the mergers of ONe WD+CO WD systems. The total mass
bital periods, which may be identified as young MSPs indistributions in Figurel2 have two peaks for the double
globular clusters (see Sect. 2.2.4). The double-degenerde© WD mergers, in which the left peak mainly originates
model will produce AIC events from 55 Myr to the Hubble from the classic CE ejection scenarios (see fig. 1Wafg
time, which is determined by the merging timescale of dou20188, and the right peak mainly originates from the CO
ble WDs resulting from GW emission. The minimum delay WD+He subgiant scenario that can make the primary CO
time in Figurellis mainly determined by the MS lifetime WDs grow in mass up t6.48 M, after its formation (see

of the maximum mass of a star forming an ONe WD, de-Liu et al. 2018p.

pending on the change in metallicities (elgaherty et al.

2017). 4.3 Gravitational Wave Signals

Relative Frequency

MWD 1+MWDZ (Mfﬂ)

4.2 Mass Distribution of NSs After the detection of the first double black hole merg-
er by the ground-based aLIGO/Virgo, many double black
The post-AIC events from the single-degenerate modhole mergers and one double NS merger have been con-
el could potentially be identified as low/intermediate-firmed in the past few years, starting a new era in GW
mass X-ray binary pulsars, and then the resultingastronomy (e.g.Abbott et al. 20162017ab). Close dou-
low/intermediate-mass binary pulsars that may have NSkle WDs with short orbital periods are expected to domi-
with masses in the range of 1.25 — 1.7 Mg (e.g., nate the Galactic GW background in the ranga @f* —
Tauris et al. 2013Liu et al. 2018 However, the NSs re- 10! Hz (e.g.,Evans et al. 1987Nelemans et al. 200)a
sulting from the double-degenerate model are quite differThey would be observable by future space-based GW de-
ent from those of the single-degenerate model. The merdectors, such as the Laser Interferometer Space Antenna
ing of double WDs will form single isolated NSs with a (LISA; e.g., Nelemans et al. 2004Ruiter etal. 2010
large mass range after the AIC process. Compared with thiéarsh 201}, TianQin (e.g.,Luo et al. 2016 Wang et al.
single NSs originating from classic core-collapse SNe, sin2019 Bao et al. 2019Shi et al. 2019 Feng et al. 20109
gle NSs from the mergers of double WDs may correspondaiji (e.g., Ruan etal. 201,92020ab; Luo et al. 202y,
to a specific kind of NSs, exhibiting some different prop-etc. Nelemans(2013 estimated that several thousand
erties, such as circumstellar environments, magnetic-fielddouble WDs should be individually detected by LISA.
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The GW strain amplitudé in Figure14 ranges from
025 : — — — 10724 —10~2' andfqw is in the range 0f 0> — 10! Hz.
e For different kinds of double WDs, there are two parts for
020 -|—— Double COWDs | 7 the dimensionlesa distributions, in which the right small
e part originates from Scenario C and the left part mainly o-
] riginates from Scenarios A and B in Figur@slO (for the
double CO WDs, see fig. 11 &¥ang 2018k Furthermore,
T the h and fqw for double ONe WDs is larger than that of
ONe WD+CO WD systems, and thieand fow for ONe
WD+CO WD systems tend to be larger than those of dou-
ble CO WDs. We estimate that more than half of double
13 WDs for producing AIC events are capable of being ob-
served by future space-based GW detectors, such as LISA,
TianQin, Taiji, etc.
Fig.13 Chirp mass distributions of different kinds of

Relative Frequency

double WDs for producing AIC events withcgA = DETECTION OF AlC EVENT
1.0. The data points forming these distributions are from5 CTIONO c S
Hu & Wang (2020. Identification of AIC events is challenging. Up to now,

there is still no exclusively direct evidence for AIC events

in ob tions. S ibl ized
Kremer et al (2017 recently argued that about 2700 dou- g]e(l)ovi'e?f)i Ilelrg:s evgrr?t: zfesselx ee:;?;ijotgsbaerer;:mganf;?n tas
ble WDs will be detected by space-based GW detectors . P y

like LISA. For more studies about the GW signals fromgﬁg:z?;tgangls]r:s,ov;/r:rl]%r::;en:‘jaizts(irfg;aonn? ZF])‘:V&J' dn;rgwtaol
double WDs, see, e.d,iu (2009, Yu & Jeffery (201Q y g y y

. . a week, indicating that this kind of object is difficult to
(22001239 Le'tL::et al. (2013, Liu & Zhang (2019, Zouetal be discovered. (2) AIC events with low luminosities may

have been already observed by some ongoing surveys, but
The chirp mass is a mass function of double WDs thaghey were mixed with some other (optically) faint tran-
can be measured by the GW detectors directly. Fidide sjents, such as rapidly declining SN-like transients,-fast
depicts the chirp mass distributions of different kinds Ofrising blue optical transients, kilonovae, fast radio bsirs
double WDs for producing AIC events at the moment Ofgamma-ray bursts, etc. (3) The predicted ejecta mass and
their birth, which mainly ranges from 0.55 1025 Mq. 56N synthesized during the collapse are still not well de-
For the case of double CO WDs, their chirp masses argsrmined. Another weakness for the AIC scenario is that
in the range 00).55 — 1.05 M, and there are two peak- it s difficult to reproduce the surfacB-field and the spin
s at0.75 My and 0.95 Mg, in which the origin of the ate of the observed NSs that may be associated with AIC
double peaks is similar to that of Figufe2. The chirp  (seeTauris et al. 2018 The AIC scenario results in the
masses of ONe WD+CO WD systems are in the rang@roduction of normal NSs that then continue to accrete ma-
of 0.55 — 1.2 M and have a peak &85 Mg, whereas terja|, leading to a weakeB-field and a faster spin. This is
the chirp masses of double ONe WDs range from 0.8 t@ontrary to the observed NSs (characterized by relatively
1.25 Mg and have a peak atl Mg high B-fields and slow spin) that are potential candidates
The GW strain amplitudeh( is defined as the frac- for having formed through AIC in globular clusters or in
tional change in separation once a GW passes through thlee Galactic disk (see table 1 Guris et al. 2018
detectors. Figuré4 presents the dimensionlefsslistribu- For the single-degenerate model, dense circumstellar
tions of different kinds of double WDs for producing AIC matter may be formed around the pre-AIC systems. The
events in théog h — log fow plane, in which the GW fre- ejecta from the AIC collides with the dense circumstellar
quency of double WDgcw = 2/P,., whereP,,, is the  matter, probably forming a strong shock. The strong shock
orbital period of double WDs at the moment of their for- can produce synchrotron emission that may be detected in
mation. Like previous studies iRuiter et al.(2019, we radio frequencieRiro & Thompsor(2014 suggested that
simply assume that the distandefrom double WDs to  strong radio emission would happen for an AIC event that
the detectors is 8.5kpc which is an appropriate distanceriginates from the evolution of ONe WD+RG systems.
from our solar system to the Galactic center. In reality, theThey claimed that the ejecta of the AIC will collide with
distance from double WDs to the detectors should have the surface of the RG star, producing strong X-ray emis-
wider distribution in the Galaxy but not simply set to be sion lasting for~1 hr followed by an optical signal from
8.5kpc. the shocked region, although the signal is strongly depen-
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Fig. 14 Dimensionless GW strain amplitude of different kinds of diglVDs for producing AIC events withcg A = 1.0,

in which we simply set the distance from double WDs to the dets as 8.5kpc. The sensitivity curves for the future
space-based GW observatory LISA are based on Larson anddHigc Hellings: http://www.srl.caltech.

edu/ ~ shane/sensitivity . The sensitivity curve for TianQin is froM/ang et al(2019. The sensitivity curve for
Taiji is from Ruan et al(20200. The data points forming these distributions are fldm& Wang (2020.

dent on the viewing angléoriya (2016 suggested that Anderson et al(2019 reported a radio transient, VTC
AIC events may act as radio bright but optically faint tran-J095517.5+690813, that became bright in the radio but
sients, likely leading to strong X-ray emission owing to without an optical counterpartin the observations. By com-
the interaction between AIC ejecta and dense circumsteparing the predicted radio emission from an AIC with
lar matter in single-degenerate systems. The radio signatkat from VTC J095517.5+690818loriya (2019 recent-
of AIC are expected to be detected by radio transient suly suggested that the radio transient can be reasonably ex-
veys such as the Very Large Array Sky Survey and Squarplained by AIC of a WD. In additionScholz et al(2016
Kilometre Array transient survey (e.dvoriya 2016. discovered a persistent radio source associated with fast
radio burst FRB 121102. The persistent radio source has
een thought to be produced by a weak stellar explo-

For the double-degenerate model, it is not expecteg. : . .
sion with a small ejected mass that may be consisten-

hav n ircumstellar matter before Al hus ng . . :
to have dg s€ C ?u -ste a . att? be o.e C, thus (‘I)W|th the AIC scenario, whereas the resulting NS act-
strong radio emission is predicted in the single-degenerat

model. As shown in Figurd2, the merging of double S as the energy source of FRB 12.1102 (eWgaxman
. . 2017 Sharon & Kushnir 2020 Margalit et al.(2019 re-
WDs can form supermassive-£.2 M) NSs that require . ; .
. . cently also associated the progenitor of FRB 121102 with
rapid rotation to support themselves (eletzger et al.

2015. These supermassive NSs may lose their rotatio AIC. Therefore, there is a possibility that AIC events might

al enerav immediatelv throuah r-mode instability and ﬁ_nf)e first discovered as fast radio bursts, and then followed
gy y 9 y by optically faint but radio bright transients (e.lpriya

nally collapse into black holes. It has been suggested th - .
the collapsing of supermassive NSs may produce fast rad% 19. Additionally, Moriya (2019 recently speculated

bursts if they are strongly magnetized (edariya 2019. t%at itis possible to distinguish the smglg-deggngratdmo

. . el and the double-degenerate models via radio light curves
Lyutikov & Toonen(2017) proposed an alternative way to . o

. once an AIC event has been identified.

form prompt short gamma-ray bursts following the merg-
ing of ONe WD+CO WD.Rueda et al(2019 predicted AT2018cow was discovered by the Asteroid
that the primary WD during the post-merger time may ap-Terrestrial-impact Last Alert System (ATLAS; see
pear as a pulsar, depending on the rotation period and thionry et al. 2018 It is likely to be the brightest member
value of magnetic fields. In additiovp et al. (20193 re-  of the class of fast-rising blue optical transients (e.g.,
cently suggested that searching for dust-affected opticarentice et al. 2018argutti et al. 201 Yu et al. (2015
transients and shock-driven radio transients will helpto u associated the AIC scenario with the recently discovered
veil the nature and evolution of double WD mergers withfast-evolving luminous transients. In a further work,
superMcy,. Yu et al. (2019h predicted hard and soft X-ray emissions
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from the AIC of WDs, providing a clear observational could potentially be identified as IMXBs and eventually
feature for identifying AIC events in future observations, produce IMBPs with short orbital periods.
especially for AT2018cow.Lyutikov & Toonen (2019 In the double-degenerate model, pre-AIC systems are
recently argued that the fast-rising blue optical trartsien close double WDs with short orbital periods. The double
and its brightest member AT2018cow may result fromWDs for producing AIC events are capable of being ob-
the merging of an ONe WD with another WD. Note thatserved by future space-based GW detectors, such as LISA,
Soker et al.(2019 proposed a CE jets SN scenario for TianQin, Taiji, etc. Post-AIC systems in the classic double
the formation of AT2018cow, in which a jet driven by an degenerate model are single isolated NSs that may corre-
accreting NS collides with a giant star. Note also that thespond to a specific kind of NS and display some peculiar
unusual transient AT2018cow was claimed as a WD tidaproperties compared with those from core-collapse SNe.
disruption event (sekuin et al. 2019. AIC events are likely to be radio bright but optical-
Furthermore, faint rapidly declining SN-like transients ly faint. In order to provide constraints on the progenitor
are possible candidates of AIC events. Apart from the mosinodels of AIC events, large samples of WD binaries are
detailed observed kilonova AT2017gfdjcBrienetal. required in the observations. Meanwhile, identifying AIC
(2019 recently suggested that SN 2018kzr is the secondvents in future transient surveys and understanding their
fastest declining SN-like transient known so far, whichelectromagnetic signals are important for confirmation of
was independently discovered by the Zwicky Transienthe AIC process. More theoretical and observational inves-
Facility (ZTF; seeBellm et al. 2019 and the ATLAS sur- tigations would be helpful for our understanding of this
vey (seeTonry et al. 2018 By modeling the bolometric type of event. Future observational surveys are expected to
light curves and early spectri|cBrien et al.(2019 esti-  finally confirm such events with low luminosities and to
mated that SN 2018kzr has a low ejecta mass composefarify the long-term issue that the current stellar eviolut
of intermediate mass elements, disfavoring the merging aheories confront.
double NSs. Thus, they argued that AIC of an ONe WD
may provide an alternative explanation for the formationAcknowledgements We acknowledge the referee for

of the rapidly declining transient. valuable comments that helped us to improve this re-
view. We also thank Noam Soker, Wencong Chen, Takashi
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