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A B S T R A C T 

Based on different neutron star–white dwarf (NS–WD) population models, we investigate the prospects of gra vitational-wa ve 
(GW) detections for NS–WD mergers, with the help of early warnings from two space-borne decihertz GW observatories, 
DO-Optimal and DECIGO. We not only give quick assessments of the GW detection rates for NS–WD mergers with the two 

decihertz GW detectors, but also report systematic analyses on the characteristics of GW-detectable merger events using the 
method of Fisher matrix. With a sufficient 1-d early-warning time, the yearly GW detection number for DO-Optimal is in the 
range of (1.5–1.9) × 10 

3 , while it is (3.3–4.6) × 10 

4 for DECIGO. More importantly, our results show that most NS–WD mergers 
can be localized with an uncertainty of O(10 

−2 ) deg 

2 . Given the NS–WD merger as a possible origin for a peculiar long-duration 

gamma-ray burst, GRB 211211A, followed with kilonova-like emissions, we further suggest that the GW early-warning detection 

would allow future electromagnetic telescopes to get prepared to follow up transients after some special NS–WD mergers. Based 

on our analyses, we emphasize that such a feasible ‘wait-for’ pattern can help to firmly identify the origin of GRB 211211A-like 
events in the future and bring excellent opportunities for the multimessenger astronomy. 

Key w ords: gravitational w aves – binaries: close – white dwarfs – stars: neutron – gamma-ray bursts. 
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 I N T RO D U C T I O N  

he mergers of double-compact-object (DCO) systems have been 
 xplored e xtensiv ely, both as progenitors of various electromagnetic 
EM) transients and as gra vitational-wa v e (GW) sources. F or e x-
mple, binary white dwarfs (BWDs) are not only one of the most
romising candidates of type Ia supernov a (SN) progenitors (Li vio &
azzali 2018 ; Soker 2018 ; Wang 2018 ; Ruiter 2020 ), but are also

xpected to be the dominant GW sources by numbers in our Milky
ay (MW) for the Laser Interferometer Space Antenna ( LISA )
ission 1 (Lamberts et al. 2018 ; Bayle et al. 2022 ; Amaro-Seoane
 E-mail: lshao@pku.edu.cn (LS); bing.zhang@unlv.edu (BZ) 
 LISA is an ESA-led space-borne GW observatory, with NASA as a junior 
artner. It is due to be launched in 2034 with the aim to record and study GWs 
n the millihertz frequency band. More information about the LISA mission 
an be found at https://lisa.nasa.gov . 
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rovided the original work is properly cited. 
t al. 2023 ). For compact binary mergers containing at least one
eutron star (NS), it has long been proposed that the mergers of binary
eutron stars (BNSs) and neutron star–black holes (NS–BHs) are the 
rogenitors of short-duration gamma-ray bursts (sGRBs; Paczynski 
986 ; Eichler et al. 1989 ; Narayan, Paczynski & Piran 1992 ; Zhang
018 ). The milestone co-detection of GW and EM signals during
W170817/GRB 170817A/AT 2017gfo events (Abbott et al. 2017a , 
 ; Coulter et al. 2017 ; Evans et al. 2017 ; Goldstein et al. 2017 ;
ilpatrick et al. 2017 ; Pian et al. 2017 ; Savchenko et al. 2017 ; Zhang

t al. 2018 ) has not only provided us a smoking-gun evidence for the
NS merger origin of sGRBs and kilonovae (Li & Paczynski 1998 ),
ut also an unprecedented opportunity to explore gravity theories and 
undamental physics in extreme environments (Abbott et al. 2017c , 
018b , 2019 ; Shao et al. 2017 ; Sathyaprakash et al. 2019 ; Arun et al.
022 ). 
Nevertheless, the mergers of other kinds of DCO systems, such 

s NS–WD binaries, have not been explored to the same depth in
iterature. Until recently, Yang et al. ( 2022 ) adopted an NS–WD
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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erger scenario to explain the kilonova-like emission following
 peculiar long-duration gamma-ray burst (lGRB), GRB 211211A
Mei et al. 2022 ; Rastinejad et al. 2022 ; Troja et al. 2022 ; Gompertz
t al. 2023 ), attracting significant attention on NS–WD mergers
nd their detection prospects (Yin et al. 2023 ; Zhong, Li & Dai
023 ). Compared with other types of DCO systems (e.g. BWDs,
NSs, NS-BHs, etc . ), the different component properties of NS–WD
inaries could have significant impacts on the early-time dynamics
f mass-transfer phase, initial conditions of accretion disc, and final
erger remnants, etc . (Chattopadhyay et al. 2007 ; King, Olsson &
avies 2007 ; Paschalidis et al. 2011 ; Margalit & Metzger 2016 ,
017 ). In particular, Zhong et al. ( 2023 ) showed that GRB 211211A-
ike events could arise from an NS-WD merger if the central
ngine leaves a magnetar behind. They proposed that the magnetic
ubble eruptions from the toroidal magnetic field amplification of
he pre-merger NS could successfully produce the main burst of
RB 211211A. NS–WD systems are likely the most common type
f DCO systems besides BWDs (Nelemans, Yungelson & Portegies
wart 2001b ; Toonen et al. 2018 ), and may have v arious observ able
 xplosiv e transients (Metzger 2012 ; Fern ́andez, Margalit & Metzger
019 ; Zenati, Perets & Toonen 2019 ; Gillanders, Sim & Smartt
020 ; Bobrick et al. 2022 ; Kaltenborn et al. 2023 ), which will
ring excellent opportunities for future multimessenger astronomy.
verall, it is worth analysing the consequences of NS–WD mergers

n more detail. 
Based on the abo v e arguments, in this work we discuss the realistic

rospects of detecting NS–WD mergers with GW early warnings
sing space-borne decihertz GW detectors. Given the lower sensitive
requency range (0.01–1 Hz ) of decihertz detectors, they can offer
lerts to NS–WD mergers much earlier than the current and future
round-based detectors 2 (usually sensitive in the 10–10 4 Hz band),
r even earlier than the EM facilities (Kang, Liu & Shao 2022 ;
iu, Kang & Shao 2022b ; Kang et al. 2023 ). In addition, another
oti v ation to consider decihertz GW early warnings is that the

pper cut-off GW frequency is expected to be � 1 Hz for NS–WD
ergers in their inspiral phase. This is because the runaway mass-

ransfer phase and tidal disruption outcome occur earlier for NS–
D mergers (Verbunt & Rappaport 1988 ; Paschalidis et al. 2009 ;
argalit & Metzger 2016 ; Kaltenborn et al. 2023 ), especially when

ompared with BNS and NS–BH merger events. 3 In view of this, it
ould be difficult for the NS–WD inspiral GW signals to enter the
round-based GW detectors, unlike the situation for more massive
CO systems. Ne vertheless, it allo ws us to propose a feasible ‘wait-

or’ GW detecting mode for NS–WD mergers with decihertz GW
etectors, and provide helpful inputs for future multimessenger
strophysics. 

Before quantitatively analysing the early warnings from two
epresentative decihertz GW observatories, DO-Optimal (DO-OPT;
edda et al. 2020 , 2021 ) and DECIGO (DEC; Kawamura et al.
011 , 2021 ), we first use the method of convolution with different
tar formation rates (SFRs) and delay-time distributions (DTDs) to
btain four kinds of NS–WD merger population models. Given the
NRAS 528, 5309–5322 (2024) 

 Ground-based GW detectors include the current Advanced Laser Inter- 
erometer Gra vitational-wa ve Observ atory (LIGO), the Adv anced Virgo, 
he Kamioka Gravitational Wave Detector (KAGRA), and the future next- 
eneration detectors, such as the Einstein Telescope and the Cosmic Explorer 
Abbott et al. 2018a ; Reitze et al. 2019 ; Maggiore et al. 2020 ; Ronchini et al. 
022 ; Banerjee et al. 2023 ; Branchesi et al. 2023 ). 
 Note that for BNS and NS–BH mergers in the inspiral phase, the upper 
ut-off GW frequency can be approximated by the GW frequency at the 
nnermost stable circular orbit. 
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hort tidal-disruption time-scale (see e.g. Kaltenborn et al. 2023 ),
 O( min ), and possibly observable EM transients (Chattopadhyay

t al. 2007 ; King et al. 2007 ; Metzger 2012 ; Margalit & Metzger
016 , 2017 ; Yang et al. 2022 ) for NS–WD mergers, we follow
ang et al. ( 2022 ) and set the early-warning time to be t e = 1 d

nd signal-to-noise ratio (SNR) threshold value to be 8 for our
W detection strategy. Differently from BNS mergers or NS–BH
ergers, we define the time when the WD starts to experience

he Roche lobe o v erflow (RLOF) as the merger time for NS–WD
inaries, considering that there is no well-modelled GW waveform
uring the runaway mass-transfer phase. With the aim to extend early
tudies on decihertz GW alerts for NS–WD mergers, we not only
ive quick assessments of yearly detection numbers and percentages
ith DO-OPT and DEC, but also report more detailed analyses on

he characteristics of GW-detectable merger events using the Fisher
atrix. We find that DEC has better performance than DO-OPT as
 whole on GW early-warning detections and localization abilities,
specially for high-redshift (high- z) ev ents. F or those mergers that
ould yield the best estimation results of distance and angular

esolution, we collect them into a Golden Sample Set, and present
he detection rates of NS–WD mergers in the Golden Sample Set for
ifferent population models with DO-OPT and DEC. 
Taking the recent peculiar lGRB, GRB 211211A, as an example,

e further suggest that the GW early-warning detection would allow
uture EM telescopes to get prepared for possible follow-up transients
fter some special NS–WD mergers. Although there are a few groups
uggesting different origins for GRB 211211A, 4 at least most studies
ave supported or directly considered compact star merger scenarios
or this event, namely compact-binary lGRBs (cb-lGRBs), given
he features of kilonova-like emissions and host-galaxy properties
ncluding the offset, etc. Regardless of the exact composition of this
inary system, with a sufficient early-warning time ( t e = 1 d) and
ocalization accuracies ( �� � 1 deg 2 ), we point out that one can
repare well in advance for future EM transients of GRB 211211A-
ike events, and no longer needs to consider the field of view (FoV)
iscounts and complex searching strategies. 5 Such a feasible wait-for
attern, if realized in future, can help to firmly identify the origin of
RB 211211A-like events and enhance the comprehension of GRB’s
hysical type. 
The organization of this paper is as follows. We first o v erview the

onstruction of the NS–WD merger population models in Section 2 .
n Section 3 , we introduce the GW detecting strategy with two space-
orne decihertz GW observatories. Using the abo v e ingredients,
e report our results and detailed analyses on GW early-warning
etections of NS–WD mergers in Section 4 . Finally, Section 5
oncludes the paper. Throughout this paper, we adopt a standard
 CDM model with the matter density parameter �m 

= 0.315,
he dark-energy density parameter �� 

= 0.685, and the Hubble–
ema ̂ ıtre constant H 0 = 67 . 4 km s −1 Mpc −1 (Aghanim et al. 2020 ). 
mission from dust could explain the observed near-infrared data; Zhu et al. 
 2022c ) have suggested that an NS–BH merger could roughly reproduce 
he multiwavelength observations; Gompertz et al. ( 2023 ) concluded that the 
pectral evolution could be explained by a transition from a fast-cooling mode 
o a slow-cooling regime, fa v ouring a BNS merger scenario rather than an NS–
H origin; Barnes & Metzger ( 2023 ) also found that the afterglow-subtracted 
mission of GRB 211211A is in best agreement for collapsar models with 
igh kinetic energies. Unfortunately, GRB 211211A was detected prior to the 
ourth observing run of the LIGO-Virgo-KAGRA Collaboration. Overall, the 
rigin of GRB 211211A is still under debate. 
 We refer readers to Kang et al. ( 2022 ) for more descriptions. 
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Table 1. Simulated NS–WD merger numbers per year for different population models with ρ̇0 = 390 Gpc −3 yr −1 . In the 
last row, we list the lower and upper values in brackets, by rescaling our results with ρ̇0 ≈ [90 , 5800] Gpc −3 yr −1 . More 
descriptions of the four population models are given in Section 2.1 . 

Population model 
A B C D 

5.6 × 10 5 4.1 × 10 5 4.9 × 10 5 3.8 × 10 5 

(1.3 × 10 5 –8.3 × 10 6 ) (9.5 × 10 4 – 6.1 × 10 6 ) (1.1 × 10 5 – 7.4 × 10 6 ) (8.7 × 10 4 – 5.6 × 10 6 ) 
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and the blue luminosity for the local Universe of 1 . 98 × 10 8 L B , � Mpc −3 

(Kopparapu et al. 2008 ), where L B , � = 2 . 16 × 10 33 erg s −1 is the Solar 
luminosity in the B band. 
7 This treatment is acceptable because Toonen et al. ( 2018 ) have suggested 
that there is no significant evolution of the average WD mass with the delay 
time for NS–WD binaries. We also find that the fractions of NS–WD mergers 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/5309/7598221 by M
ax-Planck Society user on 29 February 2024
 N S – W D  POPULATION  

n this section, we briefly describe how we obtain the NS–WD 

opulations prepared for later analyses. Following Sun, Zhang & 

i ( 2015 ), we also ignore the possible redshift evolution of intrinsic
ystem parameters for NS–WD mergers. Within this framework, one 
an separately discuss the redshift distribution of NS–WD systems 
n Section 2.1 . We show more details about mass distribution of our
S–WD populations in Section 2.2 . 

.1 Event rate and redshift distribution 

he number density per unit time for NS–WD mergers at a given
edshift z can be estimated as 

d Ṅ 

dz 
= 

ρ̇0 f ( z) 

1 + z 

dV ( z) 

dz 
, (1) 

here ρ̇0 is the local NS–WD merger rate density, f ( z) is the
imensionless redshift distribution factor, and dV ( z) 

dz 
is the comoving 

olume element, 

dV ( z) 

dz 
= 

c 

H 0 

4 πD 

2 
L 

(1 + z) 2 
√ 

�� 

+ �m 

(1 + z) 3 
, (2) 

here c is the speed of light, and D L is the luminosity distance, 

 L = (1 + z) 
c 

H 0 

∫ z 

0 

dz √ 

�� 

+ �m 

(1 + z) 3 
. (3) 

The function f ( z) in equation ( 1 ) depends on the DTD of NS–WD
ergers superposed on the SFR. Considering different combinations 

f SFRs and DTDs, we illustrate in Appendix A the redshift
istributions of f ( z) with more details. We consider two kinds of
nalytical models from Yuksel et al. ( 2008 ) and Madau & Dickinson
 2014 ) for SFRs, abbreviated as ‘Y08’ and ‘MD14’, respectively; as
or DTDs, two models – abbreviated as ‘ γα-H’ and ‘ γα-V’ – are
dopted in this work (see Appendix A for more descriptions). The 
opulation models are briefly summarized as follows: 

(1) Model A : Y08 + γα-H; 
(2) Model B : Y08 + γα-V; 
(3) Model C : MD14 + γα-H; 
(4) Model D : MD14 + γα-V. 

For the local NS–WD merger rate density, we adopt 
˙0 = 390 Gpc −3 yr −1 from Zhao et al. ( 2021b ) as the fiducial value, 

hich is in agreement with many studies (Nelemans et al. 2001a ;
im et al. 2004 ; O’Shaughnessy & Kim 2010 ; Bobrick, Davies &
hurch 2017 ; Toonen et al. 2018 ). Moreo v er, in a similar way to that

n Liu et al. ( 2022b ), we will rescale our results in later sections by
djusting ρ̇0 in the range of [8 , 500] Myr −1 per MW -like galaxy ,
orresponding to ρ̇0 ≈ [90 , 5800] Gpc −3 yr −1 hereafter (Kaltenborn 
t al. 2023 ). 6 We regard this as a crude but reasonable treatment to
 In most recent studies, a few authors obtained the conversion factor with 
he galactic blue luminosity of 1 . 7 × 10 10 L B , � (Kalogera et al. 2001 ) 

w
u
e
r

ssess the systematic uncertainties in our predictions. The simulated 
S–WD merger rates in the Universe for different population models 

re listed in Table 1 . 

.2 Mass distribution of NS–WD binaries 

he mass distribution of NS–WD systems is a key ingredient in
ur calculation of GW detection rates. Ho we ver, it is dif ficult to
onstruct an analytical model for the probability density function of 
he component masses in NS–WD binaries. Therefore, for simplicity, 
e make use of the population-synthesis simulation results obtained 
y Kaltenborn et al. ( 2023 ). Given that there are two strong peaks in
he mass distribution of NSs at M NS = 1 . 11 M � and M NS = 1 . 26 M �
see fig. 1 in Kaltenborn et al. 2023 ), we assume that each NS–

D merger may have M NS = 1 . 11 M � or M NS = 1 . 26 M � with
n equal probability. The former is referred to as ‘Case I’, and the
atter corresponds to ‘Case II’. In each case, without considering the
etailed properties of NS–WD systems (e.g. the WD composition, 
he DTD models, etc . ), 7 we choose to fit the mass distribution
f WD components using a model composed of multi-Gaussian 
omponents, 

f I M 

∝ 

{
a 1 exp 

[
− ( M WD − μ1 ) 

2 

2 σ 2 
1 

]
+ a 2 exp 

[
− ( M WD − μ2 ) 

2 

2 σ 2 
2 

]

+ a 3 exp 

[
− ( M WD − μ3 ) 

2 

2 σ 2 
3 

]}
, (4) 

nd 

 

II 
M 

∝ 

{
a 4 exp 

[
− ( M WD − μ4 ) 2 

2 σ 2 
4 

]
+ a 5 exp 

[
− ( M WD − μ5 ) 2 

2 σ 2 
5 

]}
. (5) 

ote that in the abo v e equations, the WD component mass M WD is
n units of M �. We plot the distribution of M WD for Case I and Case
I in Fig. 1 . The best-fitting values of each parameter in equations ( 4 )
nd ( 5 ) are 

 1 = 0 . 048 , μ1 = 0 . 73 , σ1 = 0 . 027 , (6) 

 2 = 0 . 061 , μ2 = 1 . 18 , σ2 = 0 . 051 , (7) 

 3 = 0 . 094 , μ3 = 1 . 14 , σ3 = 0 . 17 , (8) 
MNRAS 528, 5309–5322 (2024) 

ith different WD components (i.e. CO, ONe, or He WDs) remain almost 
nchanged when different DTD models are adopted (see table 2 in Toonen 
t al. 2018 ). Moreo v er, fractions shown in Kaltenborn et al. ( 2023 ) are also 
emarkably consistent with the results in Toonen et al. ( 2018 ). 
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M

Figure 1. Distributions of the WD component mass obtained by Kaltenborn 
et al. ( 2023 ) for Case I (red) and Case II (blue). With the parameters given 
in Section 2.2 , we also plot the best-fitting lines (black) for each case. Note 
that here we have considered M WD � M ch , where M ch ≈ 1 . 45 M � is the 
Chandrasekhar mass limit. 
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 4 = 0 . 25 , μ4 = 0 . 71 , σ4 = 0 . 020 , (9) 

 5 = 0 . 15 , μ5 = 0 . 79 , σ5 = 0 . 028 . (10) 

Finally, let us elaborate on the meaning of ‘merger’ for NS–WD
ystems in this work. Regardless of the evolution history, once an
S–WD binary is formed, it keeps losing its orbital energy through
W emission, causing the orbit to shrink. When GW emission drives

he NS–WD system to the RLOF orbital separation, the mass from
he WD begins to transfer to the NS companion. A well-known fit of
he RLOF separation is given by (Eggleton 1983 ) 

 RLOF ≈ R WD 
0 . 6 q 2 / 3 + ln 

(
1 + q 1 / 3 

)
0 . 49 q 2 / 3 

, (11) 

here q = M WD / M NS and R WD is the WD radius. The latter can be
ell approximated by (Nauenberg 1972 ) 

 WD ≈ 10 9 cm 

(
M WD 

0 . 7 M �

)−1 / 3 
[ 

1 −
(

M WD 

M ch 

)4 / 3 
] 1 / 2 

, (12) 

here M ch ≈ 1 . 45 M � is the Chandrasekhar mass limit assuming the
ean molecular weight per electron, μe = 2. 
During the mass-transfer phase, the binary separation can increase

ue to the conservation of angular momentum; on the other hand,
he WD radius increases due to its mass-loss [see equation ( 12 )],
hich can increase the critical RLOF separation [i.e. a RLOF in

quation ( 11 )]. The competition between the two effects can result
n dif ferent e volution processes. If a RLOF gro ws much faster, the
S–WD system will quickly progress into runaway mass transfer,

idally disrupting the WD on a dynamical time-scale. Otherwise, the
S–WD system can maintain its stable mass transfer for a longer

ime. Man y studies hav e found that the stability of mass transfer
epends heavily on the mass ratio q (Verbunt & Rappaport 1988 ;
aschalidis et al. 2009 ; Margalit & Metzger 2016 ). They suggest

hat the mass transfer is unstable for binaries with q crit � 0.43–0.53. 8 

ombined with the distribution of M in our consideration (see
NRAS 528, 5309–5322 (2024) 

WD 

 Bobrick et al. ( 2017 ) have recently suggested that winds from the accreting 
tream are far more important to the stability, which brings a much smaller 

q
i

ig. 1 ), it is safe to say that most NS–WD systems would finally
av e a runa way mass-transfer phase, rather than the stable mass
ransfer. Given that there is no well-modelled GW waveform for
he NS–WD system during the runaway mass-transfer phase, we
efine the time when the WD starts to experience the RLOF as the
erger time. We regard this as a reasonable treatment, especially

onsidering the short tidal-disruption time-scale, � O( min ) (see e.g.
altenborn et al. 2023 ) and possibly observable e xplosiv e outcomes

or NS–WD mergers (Chattopadhyay et al. 2007 ; King et al. 2007 ;
etzger 2012 ; Margalit & Metzger 2016 , 2017 ; Yang et al. 2022 ;

hong et al. 2023 ). Note that such definitions would be very different
rom those in BNS and NS–BH mergers in many studies (Kyutoku
t al. 2011 ; Shibata & Taniguchi 2011 ; Zhu et al. 2021 ; Liu & Shao
022 ; Liu et al. 2022b ). Essentially, for the NS–WD mergers in this
 ork, the GW early-w arning detections are actually to offer alerts
n the RLOF time. For this reason, we will only consider the GW
ignal detectability in the inspiral phase, when the NS and WD can
e regarded as well-separated bodies that gradually spiral towards
ne another. More descriptions of GW early-warning detections are
resented in Section 3 . 

 G W  DETECTI ON  S T R AT E G Y  

s mentioned in the Introduction, due to the higher sensitive
requency range of the ground-based GW detectors, they cannot
ffer alerts as early as the GW detectors in the decihertz band.
oreo v er, for space-borne decihertz GW detectors, NS–WD signals

an exist from the start of the mission to their mergers or even
o the end of the mission. Therefore, such GW signals will exist
n decihertz detectors long enough to guarantee a relatively stable
arameter estimation precision, especially for the localization. This
eans that the decihertz GW detectors can provide early-warning

lerts to other GW and EM detectors for follo w-ups. Follo wing Liu
t al. ( 2022b ), our realistic detection strategy is performed as follows.
ote that we use geometric units where G = c = 1 in this section. 
Throughout this paper, we mainly compare the performance

n GW early warnings between two space-borne decihertz GW
etectors, DO-OPT and DEC. DO was envisaged in the ESA’s
oyage 2050 call (Sedda et al. 2020 , 2021 ), where DO-OPT is

he one with more ambitious LISA -like designs. DEC is a future
apanese space-borne decihertz GW mission with four independent
ISA -lik e detectors (Kaw amura et al. 2011 , 2021 ). Parameters of the

wo detectors are available in, for example, Liu & Shao ( 2022 ).
n the community, there are more proposed decihertz detectors,
ncluding atom-interferometer-based detectors (Zhao et al. 2021a ;
aum, Bogorad & Graham 2023 ) and moon-based ones (Harms et al.
021 ; Jani & Loeb 2021 ; Li et al. 2023 ; Shao 2023 ). In comparison,
he sensitivity curves of DO-OPT and DEC are expected to perform
uch better than these mentioned detectors in the decihertz band. 
We define t c 0 as the NS–WD’s time to merge since the start of

he observation with decihertz GW detectors. To obtain the yearly
etection rates, we only use early-warning NS–WD samples that
ill merge in 1–2 yr since the mission begins (e.g. 1 yr ≤ t c 0 ≤ 2 yr ).
he sources that merge within 1 yr ( t c 0 < 1 yr ) are discarded. This

s because their GW signals only stay shortly in the decihertz
etectors, and not enough information is accumulated to obtain
recise parameter estimations. Liu et al. ( 2022b ) have shown that
ecihertz detectors have poor performances for BNSs that merge
 crit � 0.20. Note that such a lower q crit value is also in line with the results 
n Kaltenborn et al. ( 2023 ). 
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Figure 2. Sensitivity curves of DO-OPT (green) and DEC (red). The 
simulated NS–WD inspiral signals at different redshifts are plotted with blue 
dash–dotted lines. Taking M NS = M WD = 1 . 1 M � as an example, source 
signals are plotted with a duration of ∼ 100 yr . For each source, the short 
dashed vertical lines mark the time before RLOF occurs (i.e. the rightmost 
endpoint). More descriptions of the sk y-av eraged ef fecti ve noise 

√ 

S n for 
various detectors can be found in Liu et al. ( 2020 ). 
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ithin 1 yr, which also applies to our NS–WD mergers. Considering
hat NS–WD mergers typically produce signals at around 0.1 Hz, 
here will only be a slight frequency chirp effect in the decihertz
and (see Fig. 2 ). This means that the choice of the maximum value
f t c 0 will have minor effects on the yearly detection results as long
s it is not too long. 9 The abo v e discussions e xplain why we only
onsider NS–WD mergers with 1 yr ≤ t c 0 ≤ 2 yr . 

Following Liu et al. ( 2022b ), we generate NS–WD mergers weekly 
ccording to the population models. Then we calculate their SNRs. If
NR > 8, we claim the detection and calculate parameter precisions
sing the Fisher matrix (Finn 1992 ; Cutler & Flanagan 1994 ). As a
 ast w ay to estimate parameter statistical errors, a Fisher information
atrix (FIM) shows the Cramer–Rao bound of parameters. In other 
ords, an FIM tells us how precisely we can determine the model
arameters for events with a high SNR and Gaussian noises (see 
ang et al. 2022 for extensions of the FIM). Note that the choice

f SNR threshold may vary depending on the specific goals of a
tudy, which deserves more detailed analyses. We follow the settings 
n Liu & Shao ( 2022 ) with slight revisions. In total nine system
arameters are used in the FIM, collectively denoted as 

 = 

{
M z , η, t c , φc , D L , θ̄S , φ̄S , θ̄L , φ̄L 

}
. (13) 

n � , η ≡ M NS M WD /( M NS + M WD ) 2 is the symmetric mass ratio for
ach NS–WD merger system; M z ≡ (1 + z) ( M NS + M WD ) η3 / 5 is 
he detector-frame chirp mass; t c and φc are the time and orbital 
hase at coalescence, respectively; and 

{
θ̄S , φ̄S , θ̄L , φ̄L 

}
are the 

ource direction and angular momentum direction in the Solar system 

arycentric frame (see fig. 1 in Liu et al. 2020 ). Note that in
enerating sources, we adopt cos θ̄S ∈ U( −1 , 1), cos θ̄L ∈ U( −1 , 1),

¯S ∈ U(0 , 2 π ), and φ̄L ∈ U(0 , 2 π ), where U( · , ·) denotes a uniform

istribution. 

 Note that people usually set a 4-yr mission time for DO-OPT and DEC. For 
ources that only inspiral within the whole 4-yr observational span (e.g. t c 0 > 

 yr ), Liu et al. ( 2022b ) have shown that their timing accuracies have a sharp 
ecreasing trend, which is unfa v ourable for GW early-warning detections. In 
ontrast, sources with 1 yr ≤ t c 0 ≤ 4 yr are in general distributed uniformly 
n time (see table 1 in Liu et al. 2022b ). 

w
t  

1

t

After performing the FIM calculation, we obtain the angular 
esolution �� via (Cutler 1998 ; Barack & Cutler 2004 ) 

� = 2 π
√ (

� ̄μS � ̄φS 

)2 − 〈
δμ̄S δφ̄S 

〉2 
, (14) 

here � ̄μS and � ̄φS are the root-mean-square errors of μ̄S and φ̄S 

ith μ̄S ≡ cos θ̄S , and 
〈
δμ̄S δφ̄S 

〉
is the covariance of μ̄S and φ̄S . In 

his work, our attention focuses on the estimations of �� and � D L .
For the FIM in the frequency domain, we follow Kang et al. ( 2022 )

ith slight revisions. We set the integration limit to be f in and f out .
n an idealized setting of two point particles, assuming a circular
eplerian orbit with quadrupolar GW damping, the GW frequency 
ill formally diverge at a finite value of time, t div . However, for a

eal NS–WD system, we have noted previously in Section 2.2 that
he merger time t c 0 corresponds to the time when the WD starts
o experience the RLOF. Thus the upper cut-off GW frequency in
his work is actually at the critical RLOF separation, which can be
alculated, to a sufficient precision, by Kepler’s third law, 

 max 
 

1 

π (1 + z) 

√ 

M NS + M WD 

a 3 RLOF 

. (15) 

ote that the (1 + z) foctor is included in the denominator due to the
osmological time dilation. With a known f max value for each NS–
D system, we can then calculate the remaining time to divergence 

Maggiore 2008 ), 

t RLOF = t div − t c 0 = 5 M 

−5 / 3 
z (8 πf max ) 

−8 / 3 . (16) 

or an NS–WD system to merge in time t c 0 , we thus have 

 in = 

[
( t c 0 + t RLOF ) / 5 

]−3 / 8 M 

−5 / 8 
z / 8 π , (17) 

 out = [ ( t e + t RLOF ) / 5 ] 
−3 / 8 M 

−5 / 8 
z / 8 π , (18) 

ith t e the early-warning time before the merger. The early-warning 
ime t e is remarkably significant to the GW early-warning detections 
f NS–WD mergers, given the short tidal-disruption time-scale 
nd possibly observable EM transients during the runaway mass- 
ransfer phase. We will present the results with t e = 1 d in detail.

ore descriptions of the GW waveform construction and parameter 
stimation method were discussed in Liu & Shao ( 2022 ). 

Finally, a word on the tidal deformability included in our GW
aveform. At the late stages of the inspiral, the quadrupolar tidal field 
 ij of one compact component would induce a quadrupole moment 
 ij to the other. To the leading order in the adiabatic approximation,
 ij and Q ij are related by a linear response function, Q ij = −λE ij ,
here λ is the tidal Lo v e number (Hinderer 2008 ). The static tidal

ffect enters the GW phase at the fifth post-Newtonian order 10 

hrough the dimensionless binary tidal deformability ˜ � (Flanagan & 

inderer 2008 ; Hinderer 2008 ; Favata 2014 ), 

˜ 
 = 

16 

13 

( M NS + 12 M WD ) M 

4 
NS � NS + ( M WD + 12 M NS ) M 

4 
WD � WD 

( M NS + M WD ) 
5 , 

(19) 

here � NS and � WD correspond, respectively, to the dimensionless 
idal deformability of the NS and the WD in an NS–WD binary
MNRAS 528, 5309–5322 (2024) 

0 Post-Newtonian order represents the power of velocity squared relative to 
he leading Newtonian order for point-particle binary motion. 
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Table 2. Yearly detection numbers and percentages (in brackets) of NS–WD 

mergers for different population models with DO-OPT and DEC. We assume 
an early-warning time t e = 1 d. The SNR threshold is set to be 8. Note that 
we only list results with ρ̇0 = 390 Gpc −3 yr −1 . Readers can rescale in the 
way as for the total simulated numbers in Table 1 . 

GW detector Population model 
A B C D 

DO-OPT 1915 1637 1722 1489 
(0.34 per cent) (0.40 per cent) (0.35 per cent) (0.40 per cent) 

DEC 46 049 36 134 41 272 33 314 
(8.25 per cent) (8.75 per cent) (8.34 per cent) (8.86 per cent) 
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ystem. With � WD � � NS , 11 we can simplify equation ( 19 ) to 

˜ 
 
 

( M WD + 12 M NS ) M 

4 
WD � WD 

( M NS + M WD ) 
5 . (20) 

We follow Wolz et al. ( 2020 ) to obtain � WD via the universal
elation, 

ln � WD = 2 . 02942 + 2 . 48377 ln Ī WD , (21) 

here Ī WD = I WD /M 

3 
WD is the dimensionless moment of inertia

f the WD, which can be calculated with another fitting universal
elation, 

ln Ī WD = 24 . 7995 − 39 . 0476 

(
M WD 

1 M �

)
+ 95 . 9545 

(
M WD 

1 M �

)2 

− 138 . 625 

(
M WD 

1 M �

)3 

+ 98 . 8597 

(
M WD 

1 M �

)4 

− 27 . 4 

(
M WD 

1 M �

)5 

. (22) 

Note that although many theoretical studies have discussed the
ffects of mass transfer and dynamical tides for WDs (Lai 2012 ;
remer et al. 2017 ; Tauris 2018 ; Kuns et al. 2020 ; McNeill,
ardling & M ̈uller 2020 ; Lau, Yagi & Arras 2022 ), there are

till many uncertainties and unsettled problems, especially on the
W waveform construction with mass transfer. In addition, many

tudies have focused on the low-mass WD donors (i.e. He WDs)
r BWD systems, which can be different from NS–WD binaries in
ur consideration. In the following sections, we mainly focus on the
stimation of the accuracy of distance � D L and angular resolution
�. These two quantities can be extracted from the inspiral chirp

ignal alone. We leave other complex effects involving WDs for
uture studies. 

 RESULT  

n Table 2 , we first summarize yearly detection numbers of NS–WD
ergers for the four population models with DO-OPT and DEC. We

lso list corresponding percentages in brackets, showing the ratio to
he total number of yearly simulated NS–WD mergers (cf. Table 1 ).
he SNR threshold is set to 8. Combining all the results shown

n Table 2 , we conclude that DEC performs much better than DO-
PT on GW early-warning detections as a whole, with the yearly
etection number in the range of ∼(3.3–4.6) × 10 4 . The detection
umber for DO-OPT is in the range of ∼(1.5–1.9) × 10 3 , which
NRAS 528, 5309–5322 (2024) 

1 For cold, slowly rotating WDs, we can see in fig. 2 of Wolz et al. ( 2020 ) that 
 WD is of the order of 10 13 –10 21 . Ho we ver, in comparison, � NS is � O(10 3 ) 

n GW170817 (Abbott et al. 2017a ). 

d
�

d
f
a

s approximately 20 times fewer than DEC. Given that DEC has
 lower noise level (see Fig. 2 ), it is reasonable for DEC to show
etter detection abilities, especially for detection at higher redshift,
hich is clearly shown in Fig. 3 . Taking the population Model A

s an example, Fig. 3 shows that DO-OPT can detect early-warning
ources up to z � 1.7, while DEC could reach z � 7.6. Moreo v er,
he detectable NS–WD mergers for DEC are clustered at z 
 0.8,
onsistent with the peak of the redshift factor f ( z) for the population
odel A (see Fig. A1 ). In comparison, due to its limited detection

bilities, most detectable NS–WD mergers for DO-OPT are clustered
round z 
 0.25, which is much closer than those of DEC. Similarly,
or the maximum SNR value, Fig. 3 shows that DEC could reach
NR 
 650, while DO-OPT only reaches SNR 
 75. 
As mentioned in Section 3 , GW early-warning detections of

S–WD mergers are essentially to offer alerts on the RLOF time.
ssuming an early-warning time t e = 1 d 12 for each NS–WD merger

vent, we calculate the integration upper limit f out with the known f max 

t the critical RLOF separation. We plot in Fig. 4 the distributions
f f out for detectable NS–WD mergers observed by DO-OPT and
EC. Different colours correspond to different population models.
s clearly shown in Fig. 4 , the majority of total detectable NS–WD
ergers for DEC would cluster at f out 
 0 . 1 Hz . In comparison, the

eak of f out distribution for DO-OPT would be a little higher in a wider
age (0 . 16 –0 . 25 Hz ). These could be explained by the cosmological
edshift effect, given that DEC detect more high- z events. 

Furthermore, based on the GW early-warning NS–WD mergers,
e now present estimations for the accuracy of distance ( � D L ) and

ngular resolution ( ��), which will be of great use to synergy obser-
ations with EM facilities. As described in Section 3 , our analyses are
erformed using the FIM method. We first compare � D L / D L –��

istributions of our yearly GW early-warning samples with DO-OPT
or the four population models in Fig. 5 ; similar distributions for
EC are plotted in Fig. 6 . We mark all detectable NS–WD mergers
ith circles in different colours based on their SNRs. Our results

eem to suggest that the mergers with higher SNRs tend to have
etter localization accuracies (i.e. smaller �� and � D L / D L ), which
re mainly distributed in the lower left of these plots in Figs 5 and
 . In each plot, the purple histograms show the �� and � D L / D L 

istributions in upper and right panels, respectively. Both Figs 5 and
 show that the peak of the �� distribution is at 
 O(0 . 01) deg 2 

ev el, re gardless of the population models in our considerations. For
he � D L / D L distributions, most early-warning samples of DO-OPT
re clustered in the range of 0.3 � � D L / D L � 1. In comparison, DEC
rovides more accurate estimations of � D L , given that the peak of
he � D L / D L distribution is mostly at 
 O(0 . 1) level. 

To go a step further, we are particularly interested in those mergers
hat would yield the best estimation results of the distance and angular
esolution. This is because these events can provide helpful inputs for
uture multimessenger astronomy with decihertz GW early warnings
nd EM follow-ups. In view of this, we further define a Golden
ample (denoted as ‘GS’ hereafter) set for our yearly GW early-
arning samples with the two criteria that 

(i) �� < 1 deg 2 , and 
(ii) � D L / D L < 0.3. 
etectable NS–WD mergers (see Table 2 ) could reach a timing accuracy of 
t c < O(10 4 ) s lev el, re gardless of the population models and decihertz GW 

etectors. Even considering the extra exposure time and slew time for EM 

ollow-up facilities, we still regard this as a crude but acceptable treatment to 
dopt an early-warning time t e = 1 d in this work. 
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Figure 3. SNR as a function of redshift for yearly detectable NS–WD mergers for DO-OPT (left) and DEC (right). We only show the population Model A 

as an example. Dashed horizontal red lines correspond to the detection threshold SNR = 8. In each plot, the purple histograms show the redshift and SNR 

distributions in upper and right panels, respectively. 

Figure 4. Distributions of f out (defined in Section 3 ) for detectable NS–WD mergers in DO-OPT (left) and DEC (right). The total numbers of detectable merger 
events are listed in Table 2 . We set the early-warning time to be t e = 1 d. Different colours correspond to different population models. 
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13 Recently, there is another extremely bright cb-lGRB, GRB 230307A, at 
a redshift of z = 0.065 ( ≈ 300 Mpc ; Fausnaugh et al. 2023 ; Gillanders 
et al. 2023 ; Le v an et al. 2023 ; Mereghetti et al. 2023 ; Sun et al. 2023 ). 
Ho we ver, gi ven the dif ferent features of the afterglo w/kilonov a-like emissions 
and precursor properties from GRB 211211A, most investigation was not in 
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Giv en that man y current and planned wide-field optical surv e y
rojects hav e F oV � 1 de g 2 (see e.g. in Table A2 the summary of
he technical information for some optical surv e y telescopes), we 
ollow the discussions in Kang et al. ( 2022 ) to set 1 deg 2 to be
he threshold in criterion (i). For criterion (ii), we arbitrarily set
0 per cent to be the selection criterion on � D L / D L . Note that similar
rude treatments in fact are commonly adopted in many studies (e.g. 
amanini & Danielski 2019 ; Kang, Liu & Shao 2021 ). Based on

he abo v e analyses, the NS–WD mergers in GS would matter the
ost to future multimessenger early-warning detections. In Figs 5 

nd 6 , we plot black dashed lines to denote the selection functions
orresponding to the criteria (i) and (ii) abo v e. Therefore, the shaded
lue regions in Figs 5 and 6 delimit the parameter space of GS. 
We list in Table 3 yearly detection numbers of NS–WD mergers 

n GS for the four population models with DO-OPT and DEC. The
ercentages in brackets show the ratio to the total number of yearly
etectable NS–WD mergers (see Table 2 ). Combining all the results
hown in Table 3 , we conclude that DEC performs much better on GS
f

etections as a whole, with its yearly detection number in the range
f ∼(2.1–2.8) × 10 4 . In comparison, the GS detection number for
O-OPT is in the range of ∼(3.8–4.5) × 10 2 , which is approximately
0 times fewer than DEC. In particular, we note that the percentage
f GS detections with DEC to its total yearly detectable mergers is
 60 per cent , while it is much smaller for DO-OPT, with the ratio

o be � 25 per cent . 
Finally, let us mo v e to the potential for future multimessenger

arly-warning detections of NS-WD mergers. Taking the peculiar 
GRB, GRB 211211A, as an example, 13 the observational facts show 

hat it is a nearby bright GRB at z = 0.0763 ( ≈ 350 Mpc ) with a
MNRAS 528, 5309–5322 (2024) 

a v our of the NS–WD merger origin for GRB 230307A (Dichiara et al. 2023 ; 
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Figure 5. � D L / D L versus �� for yearly GW early-warning samples with DO-OPT for different population models. The colour represents the SNR of each 
merger event. In each plot, the purple histograms show the �� and � D L / D L distributions in the upper and right panels, respectively. The black dashed lines 
denote the dividing lines used to select the GS set in the shaded blue region (see Section 4 ). 
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ossible NS–WD merger origin (Mei et al. 2022 ; Rastinejad et al.
022 ; Troja et al. 2022 ; Yang et al. 2022 ; Gompertz et al. 2023 ).
sing a set of pseudo-GRBs, Yin et al. ( 2023 ) have shown that
 GRB 211211A-like event could be detectable up to a maximum
edshift z = 0.52 ( ≈ 3000 Mpc ). On the other hand, our results
uggest that the number of yearly detectable NS–WD mergers with
 � 0.52 is in the range of ∼990–1300 for DO-OPT, and the
orresponding percentage to the total number of yearly detectable
erger events (see Table 2 ) is ∼ 65 per cent . They are ∼5200–

700 and ∼ 15 per cent for DEC. Remember that GRBs are highly
eamed, so another condition for the detection of a successful GRB
vent is that its jet should beam towards the Earth. 14 The beaming
NRAS 528, 5309–5322 (2024) 

e v an et al. 2023 ; Song 2023 ; Yang et al. 2023a ; Wang et al. 2023b ). It is 
ore likely to be a BNS merger. 

4 In the case of a choked jet, the jet energy would be stored in a hot, shocked 
aterial, forming a broad cocoon without a spine jet (Zhang 2018 ). Choked 

d  

m  

j
t

actor of a GRB is defined by f b ≡ ��b / 4 π 
 θ2 
v / 2 , where ��b 

s the solid angle of a bipolar, conical jet, and θv ( �1) is its
alf-opening angle. Assuming a value of 15 ◦ for θv , we could
btain f b 
 0.034. Considering such relativistic beaming effects,
here should be a few tens (hundreds) yearly detectable NS–WD
ergers that beam towards us for DO-OPT (DEC) within z � 0.52.
iven that the properties of NS-WD GRBs are still under debate

see e.g. King et al. 2007 ; Zenati et al. 2019 ; Bobrick et al. 2022 ;
blimit & Soker 2024 ; Mor ́an-Fraile et al. 2024 ), we point out
ere that if there are � 1 per cent of NS–WD mergers with z �
.52 that can successfully produce GRB 211211A-like signals, the
ossibility of multimessenger early-warning detections indeed exists
uring a 4-yr mission time for decihertz GW detectors. This also
eans that future multimessenger early-warning detections could
ets could have larger viewing angles and be even more abundant than those 
hat successfully break out. This topic deserves more detailed analyses. 
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Figure 6. Same as Fig. 5 , but for DEC. Note that all detectable NS–WD merger events are colour-coded by the logarithmic SNRs in each plot. 

Table 3. Yearly detection numbers and percentages (in brackets) of NS–WD 

mergers in the GS for different population models with DO-OPT and DEC. 
Note that the percentages in brackets show the ratio to the total number of 
yearly detectable NS–WD mergers (see Table 2 ). 

GW detector Population model 
A B C D 

DO-OPT 451 396 428 378 
(23.55 per cent) (24.19 per cent) (24.85 per cent) (25.39 per cent) 

DEC 28229 22320 25301 20677 
(61.30 per cent) (61.77 per cent) (61.30 per cent) (62.07 per cent) 
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elp people constrain the fraction of NS–WD systems that are capable 
f producing GRBs. 
Besides the peculiar GRB signal, optical/infrared kilonova emis- 

ions associated with GRB 211211A were also observ ed. Man y re-
ent studies have proposed v arious kilonov a models and suggest that
he peak AB absolute magnitude of GRB 211211A-like kilonovae 
hould be ≈− 17 in g , r , and i bands (Yang et al. 2022 ; Barnes &
etzger 2023 ; Zhong et al. 2023 ; Kunert et al. 2024 ). Based on

he abo v e finding, if we set z = 0.52 as the redshift upper limit
or detections of GRB 211211A-like events, the limiting magnitude 
 

∗ for wide-field optical surv e y projects should satisfy m 

∗ � 25
o ensure the kilonova detections. From Table A2 , we find that
SST and CSST meet the abo v e requirements well. Therefore, more
ooperati ve observ ations with dif ferent optical surv e ys and decihertz
W detectors would be very promising in the future. Given that

he true nature of GRB 211211A-like events remains unknown, we 
mphasize that the multimessenger observations with GW early 
arnings and the abo v e multiband EM follow-ups would shed light
n the origin of such peculiar lGRBs. Note that even for the NS–WD
erger scenario, the properties of their EM follow-up transients could 

ary widely, depending on the component masses, the magnetic field 
trength and configuration, specific afterglow and kilonova models, 
MNRAS 528, 5309–5322 (2024) 
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tc. 15 We leave the impacts of those uncertainties on the realistic
ultimessenger observations for future studies. 

 C O N C L U S I O N  

n this work, we follow Liu et al. ( 2022b ) to discuss GW detections
nd early-warning predictions of NS–WD mergers with two space-
orne decihertz GW detectors, DO-OPT and DEC. Based on different
FR and DTD models, we use the method of convolution with a
eries of Monte Carlo simulations to obtain four NS–WD merger
opulation models. For all NS–WD mergers with the merger time
 yr ≤ t c 0 ≤ 2 yr , we set the early-warning time to t e = 1 d and SNR
hreshold to 8 to perform GW detection strategy. Based on the NS–

D merger populations, we not only give quick assessments of GW
etection rates with the two decihertz GW detectors, but also report
ystematic analyses on the characteristics of GW-detectable merger
vents using the FIM. We find that DEC has better performance than
O-OPT as a whole, especially for high- z events. The yearly GW
etection number for DEC is in the range of ∼(3.3–4.6) × 10 4 , while
t is only ∼(1.5–1.9) × 10 3 for DO-OPT, approximately 20 times
ewer. Taking the population Model A as an example, DO-OPT can
etect early-warning sources up to z � 1.7, while DEC could reach z
 7.6. Moreo v er, detectable NS–WD mergers are clustered at z 
 0.8

or DEC. In comparison, due to the limited detection abilities, most
etectable NS–WD mergers are clustered around z 
 0.25 for DO-
PT. Similarly, for the maximum SNR, we show that DEC reaches
NR 
 650, while DO-OPT reaches SNR 
 75. 
Differently from BNS mergers or NS–BH mergers, we note that

W early-warning detections of NS–WD mergers are essentially to
ffer alerts on the RLOF time, especially considering that there is
o well-modelled GW waveform for NS–WD systems during the
unaway mass-transfer phase. In view of this, for the FIM in the
requenc y domain, the inte gration upper limit f out should be related
o the GW cut-off frequency at the critical RLOF separation. We
lot the distributions of f out for detectable NS–WD mergers observed
y DO-OPT and DEC. The majority of total detectable NS–WD
ergers for DEC cluster at f out 
 0 . 1 Hz , while in comparison, the

eak of f out distribution for DO-OPT is a little higher in a wider
ange (0 . 16 –0 . 25 Hz ). These could be explained by the cosmological
edshift effect, given that DEC will detect more high- z events. 

As for the estimations of the accuracy of distance and angular
esolution, we compare � D L / D L –�� distributions of yearly GW
arly-warning samples for DO-OPT and DEC with different popu-
ation models. Our results show that the peak of the �� distribution
s expected to be at 
 O(0 . 01) deg 2 level, regardless of the changes
n decihertz GW detectors and population models. For the � D L / D L 

istributions, most early-warning samples of DO-OPT are clustered
n the range of 0.3 � � D L / D L � 1, while in comparison, DEC can
rovide more accurate estimations of � D L , given that the peak of
he � D L / D L distribution is at 
 O(0 . 1) level. Furthermore, for those

ergers that would yield the best estimation results of the distance
nd angular resolution, we define them as a GS. We present the
early detection numbers of NS–WD mergers in GS for different
opulation models with DO-OPT and DEC. We conclude that DEC
erforms much better on GS detections as a whole, with its yearly
etection number in the range of ∼(2.1–2.8) × 10 4 , while it is
(3.8–4.5) × 10 2 for DO-OPT, approximately 50 times fewer than
NRAS 528, 5309–5322 (2024) 

5 F or e xample, Yang et al. ( 2022 ) pointed out that a massive WD component 
ear the Chandrasekhar mass limit should be involved to trigger the accretion- 
nduced collapse of the WD during the GRB 211211A event. 

1

o
r
d

EC. The percentage of GS detections with DEC to its total yearly
etectable NS–WD mergers could achieve � 60 per cent , while it is
uch smaller for DO-OPT with the ratio to be � 25 per cent . 
Finally, taking the recent peculiar lGRB, GRB 211211A, as an

xample, we further discuss the potential for future multimessenger
arly-warning detections of NS–WD mergers. With a sufficient
arly-warning time (e.g. t e = 1 d) and the localization accuracies,
e suggest that the GW early-warning detection will allow future
M telescopes to prepare well in advance for the possible follow-
p transients after some special NS–WD mergers. Given that the
ature of cb-lGRBs remains an open question, the multimessenger
bservations with the GW early warnings and the multiband EM
ollow-ups are expected to shed new light on their properties. For
xample, compared with BNS and NS–BH scenarios, no inspiral GW
ignals of NS–WD mergers are expected to enter the ground-based
etectors following decihertz GW early warnings. The EM follow-up
ransients with different origins may also vary widely. In view of this,
ur results can provide meaningful references and helpful inputs for
pcoming EM follow-up projects. 
There are, of course, many ways in which this study can be

xtended. At the end of Section 3 , we have emphasized that precise
W-waveform constructions should take into account the effects
f mass transfer and dynamical tides for WDs, especially in the
ate inspiral stages of NS–WD mergers. Also, our results leave out
he consideration of the confusion noise (Christensen 2019 ), which
epends strongly on the specific population model, the sensitivity
f the detector, and its operation time, etc. 16 We also leave out
he dedicated analyses of o v erlapping signals that may affect the
arameter estimation (see e.g. Wang et al. 2024 ), but we expect our
esult unlikely to change significantly even when o v erlapping signals
re considered. Moreo v er, the realistic multimessenger searching
trategy, including the communication between GW detectors and
M telescopes, should be considered. On the other hand, even if

here are no observable EM transients after NS–WD mergers, we
uggest that the GW-detectable NS–WD populations in GS could
till be of great use for the dark-siren cosmology (see e.g. Schutz
986 ; Fishbach et al. 2019 ; Soares-Santos et al. 2019 ; Liu et al.
022a ; Zhu et al. 2022a , b ; Seymour, Yu & Chen 2023 ; Yang et al.
023b ). We hope that more studies can be carried out in the future. 
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Table A1. The best-fitting αt values derived from different DTDs shown in 
section 3.2.1 of Toonen et al. ( 2018 ) by equation ( A6 ). We consider four 
combinations of two CE evolution models (model ‘ αα’ and model ‘ γα’) and 
two SN-kick velocity distributions (abbreviated as ‘H’ and ‘V’). More details 
about these models are given in Appendix A . 

Model αt 

αα-H −1.12 
αα-V −0.98 
γα-H −1.11 
γα-V −0.95 
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17 As defined in section 3.2.1 of Toonen et al. ( 2018 ), the delay time is the 
evolutionary time between the merger and formation of the binary with two 
zero-age main-sequence stars. 
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PPENDIX  A :  T H E  REDSHIFT  DISTRIBU TI ON  

AC TO R  

s mentioned in Section 2 , when we ignore the possible redshift
volution of intrinsic system parameters for NS–WD mergers, the
edshift-dependent merger event rate density ρ̇( z) is 

˙( z) = ρ̇0 f ( z) , (A1) 

here z is the redshift, ρ̇0 is the local NS–WD event rate density,
nd f ( z) is the dimensionless redshift distribution factor. On the other
and, ρ̇( z) can also connect to the cosmological SFR density ρ̇∗( z)
y accounting for the probability density function of delay time P ( τ )
f NS–WD mergers via 
NRAS 528, 5309–5322 (2024) 
˙( z) ∝ 

∫ τmax 

τmin 

ρ̇∗
[
z ′ ( τ ) 

]
P ( τ ) dτ

∝ 

∫ z ′ max 

z ′ min 

ρ̇∗
(
z ′ 
)
P 

[
τ
(
z ′ 
)] [ 

−dt 
(
z ′ 
)

dz ′ 

] 

dz ′ , (A2) 

here τ = t ( z) − t ( z ′ ) is the delay time 17 and t ( z ′ ) is the time when the
inaries are formed with two zero-age main-sequence stars, t ( z) is the
erger time for such binaries, and τmin and τmax are the minimum

nd maximum delay times, respectively. 
With equations ( A1 ) and ( A2 ), we can obtain f ( z) by normalizing

t to unity in the local Universe (i.e. z = 0). Note that here t is the
ge of the Universe and we have 

dt( z) 

dz 
= − 1 

H 0 (1 + z) 
√ 

�� 

+ (1 + z) 3 �m 

. (A3) 

herefore, for NS–WD mergers at a fixed z, we can calculate the
orresponding z ′ min by the definition of τmin and equation ( A3 ). Based
n the population-synthesis results presented in Toonen et al. ( 2018 ),
e set τmin = 0 . 1 Gyr in our calculations. F ollowing Khokhriako va &
opov ( 2019 ), we also set the upper integration redshift limit z ′ max to
e 11.247 (corresponding to the time when the age of our Universe
as 400 Myr ) when the intensive star formation began. 
For the SFR density ρ̇∗( z), we consider two kinds of analytical
odels from Yuksel et al. ( 2008 ) and Madau & Dickinson ( 2014 )

abbreviated as ‘Y08’ and ‘MD14’, respectively) in our work. They
ead 

˙Y08 
∗ ( z) ∝ 

[ 
(1 + z) 3 . 4 η + 

(
1 + z 
5000 

)−0 . 3 η + 

(
1 + z 

9 

)−3 . 5 η
] 1 /η

, (A4) 

˙MD14 
∗ ( z) ∝ 

(1 + z) 2 . 7 

1 + [(1 + z) / 2 . 9] 5 . 6 
. (A5) 

ote that η = −10 is adopted in equation ( A4 ). 
As for the probability density function of delay time P ( τ ), many

tudies have assumed some empirical forms and derived the best-
tting parameters with simulated data. Such a treatment has been
idely applied to other DCO systems (e.g. BNS and NS–BH systems;
irgili et al. 2011 ; Sun et al. 2015 ; Wanderman & Piran 2015 ;
hu et al. 2021 ). Therefore, for simplicity, we assume a power-law
ependence for the DTD of NS–WD mergers, 

 ( τ ) ∝ τ−αt , (A6) 
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Table A2. Technical information for some wide-field optical surv e y projects from Zhu et al. ( 2021 , 2023 ). Note that a 300-s exposure time is adopted for the 
search limiting magnitude m 

∗ in the three most common filters ( g , r , i ). The references are: (1) Masci et al. ( 2019 ), Bellm et al. ( 2019 ); (2) Abell et al. ( 2009 ), 
Ivezi ́c et al. ( 2019 ); (3) Shi et al. ( 2018 ), Wang et al. ( 2023a ); (4) Yuan et al. ( 2020 ); (5) Gong et al. ( 2019 ). 

Surv e y m 

∗/mag F oV/de g 2 Sk y Co v erage/de g 2 Reference 
g r i 

ZTF 21.6 21.3 20.9 47.7 30000 (1) 
LSST 26.2 25.7 25.8 9.6 20000 (2) 
WFST 24.2 24.0 23.3 6.55 20000 (3) 
Mephisto 24.2 23.9 23.4 3.14 26000 (4) 
CSST 26.3 26.0 25.9 1.1 17500 (5) 

Figure A1. Redshift distributions of f ( z) derived from the method of convolution by equation ( A2 ). The Y08 SFR model is adopted in the left plot, while the 
MD14 model is applied in the right plot. The coloured solid lines and dashed lines denote different DTD models. The redshift cut-off z = 8 is adopted here. 
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here αt is a phenomenological parameter. Considering different 
ommon-envelope (CE) evolutions 18 and different NS natal-kick 19 

istributions, Toonen et al. ( 2018 ) have recently presented different 
TDs of NS–WD mergers. Here, we fit four kinds of DTDs taken

rom Toonen et al. ( 2018 ) – abbreviated as ‘ αα-H’, ‘ αα-V’, ‘ γα-H’,
nd ‘ γα-V’ – by equation ( A6 ) and derive the best-fitting αt values,
hich are listed in Table A1 . Note that ‘ α’ and ‘ γ ’ are commonly
sed to denote different treatments for the CE phase where the 
 α’-formalism is based on the energy conservation while the ‘ γ ’-
ormalism is based on the balance of angular momentum instead 
f the energy (Iv anov a et al. 2013 ). More specifically, following
oonen et al. ( 2018 ), we use ‘ αα’ and ‘ γα’ to denote two kinds
f CE evolutionary models for NS–WD mergers where the ‘ α’-
rescription is used to determine the outcome of every CE in model
 αα’. In model ‘ γα’, the ‘ γ ’-prescription is introduced to describe
he first CE phase, while the ‘ α’-prescription is applied in the second
E phase. F or SN-kick v elocity distributions, we adopt two kinds
8 As a mass-loss phase in the formation of DCO systems, CE evolution can 
ead to a severe shrinkage of the binary orbit. We refer readers to see Iv anov a 
t al. ( 2013 ) for a comprehensive review. 
9 NS natal-kicks can also be called SN-kicks. Many studies of pulsar 
cale heights (Gunn & Ostriker 1970 ), proper motions of pulsars (Cordes, 
omani & Lundgren 1993 ; Lyne & Lorimer 1994 ; Hobbs et al. 2005 ; Verbunt 
t al. 2017 ), and high velocities of some single NSs (Chatterjee et al. 2005 ; 
ecker et al. 2012 ) have suggested that a kick should be imparted to the NS 
uring core-collapse SNs. 

n  

b  

w  

a  

A
S

T
d  
f models from Hobbs et al. ( 2005 ) and Verbunt, Igoshev & Cator
 2017 ), respecti vely (abbre viated as ‘H’ and ‘V’ when combined
ith model ‘ αα’ and model ‘ γα’). The former (i.e. ‘H’) is a
axwellian distribution with a one-dimensional root mean square of 

H = 265 km s −1 , while the latter (i.e. ‘V’) includes two Maxwellian
omponents with σ 1 

V = 75 km s −1 and σ 2 
V = 316 km s −1 from a direct

omparison of pulsar parallaxes and proper motions. More detailed 
escriptions of the abo v e DTDs can be found in Toonen et al. ( 2018 ).
Based on the abo v e SFR and DTD models, we follow Zhu et al.

 2021 ) to use the method of convolution by equation ( A2 ) and obtain
he dimensionless redshift distribution factor f ( z), which are shown
n Fig. A1 . Given a specific DTD model, Fig. A1 shows that f ( z)
as a dramatic dependence on the SFR model in the relatively lower
edshift regime ( z � 4.5), while in the high- z regime ( z > 4.5),
here is little difference between the Y08 SFR model and the MD14

odel. On the other hand, when we adopt the same SFR model, both
able A1 and Fig. A1 suggest that dif ferent CE e volution models will
ot influence f ( z) significantly, while f ( z) can be indeed influenced
y the choice of the SN-kick velocity distribution. For this reason,
e decide to report detailed analyses only between the model γα-H

nd the model γα-V in the main text for more in-depth comparisons.

PPENDI X  B:  I N F O R M AT I O N  F O R  O P T I C A L  

URV EYS  

echnical parameters for five current and planned optical time- 
omain surv e ys are listed in Table A2 , which are: the Zwicky
MNRAS 528, 5309–5322 (2024) 
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ransient Facility (ZTF; Bellm et al. 2019 ; Masci et al. 2019 );
he Large Synoptic Surv e y Telescope (LSST, newly named as the
era Rubin Observatory; Abell et al. 2009 ; Ivezi ́c et al. 2019 ); the
ide Field Surv e y Telescope (WFST; Shi et al. 2018 ; Wang et al.

023a ); the Multi-channel Photometric Surv e y Telescope (Mephisto;
uan et al. 2020 ); and the Chinese Space Station Telescope (CSST;
ong et al. 2019 ). Given the search limiting magnitude m 

∗, one can
btain the ef fecti ve limiting flux F 

∗
ν for each surv e y telescope by

 

∗
ν 
 3631 Jy × 10 −m 

∗/ 2 . 5 . Note that Table A2 only lists m 

∗ values
ith the three most common bands ( g , r , i ), assuming a 300-s

xposure time for each survey. 
NRAS 528, 5309–5322 (2024) 
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ergers for future studies. 
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