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Abstract

Recently, Tamanini & Danielski discussed the possibility of detecting circumbinary exoplanets (CBPs) orbiting
double white dwarfs (DWDs) with the Laser Interferometer Space Antenna (LISA). Extending their methods and
criteria, we discuss the prospects for detecting exoplanets around DWDs not only by LISA, but also by Taiji, a
Chinese space-borne gravitational-wave (GW) mission that has slightly better sensitivity at low frequencies. We
first explore how different binary masses and mass ratios affect the abilities of LISA and Taiji to detect CBPs.
Second, for certain known detached DWDs with high signal-to-noise ratios, we quantify the possibility of CBP
detections around them. Third, based on the DWD population obtained from the Mock LISA Data Challenge, we
present basic assessments of the CBP detections in our Galaxy during a 4 yr mission time for LISA and Taiji. We
discuss the constraints on the detectable zone of each system, as well as the distributions of the inner/outer edge of
the detectable zone. With the DWD population, we further inject two different planet distributions with an
occurrence rate of 50% and constrain the total detection rates. We briefly discuss the prospects for detecting
habitable CBPs around DWDs with a simplified model. These results can provide helpful inputs for upcoming
exoplanetary projects and help analyze planetary systems after the common envelope phase.

Unified Astronomy Thesaurus concepts: Gravitational waves (678); White dwarf stars (1799); Exoplanet detection
methods (489); Habitable zone (696)

1. Introduction

So far, more than 4300 exoplanets have been discovered
using electromagnetic (EM) techniques, but we know very little
about planetary systems under extreme conditions, such as
around white dwarfs (WDs). Theoretical works suggest that a
planet can survive the host-star evolution (Livio & Soker 1984;
Duncan & Lissauer 1998; Nelemans & Tauris 1998), and the
observational results also confirm that P-type exoplanets
(Dvorak 1986) can exist around stars after one or two common
envelope (CE) phases, for example, around system NN Ser,
which contains a WD and a low-mass star (Beuermann et al.
2010, 2011), and PSR B1620−26AB, which contains a WD
and a millisecond pulsar (Sigurdsson 1993; Thorsett et al.
1993). Nevertheless, no exoplanets have been discovered
orbiting double WDs (DWDs) to date (Tamanini &
Danielski 2019). Given that more than∼ 97% of stars will
become WDs (Althaus et al. 2010) and about 50% of solar-type
stars are not single (Raghavan et al. 2010; Duchêne &
Kraus 2013), there should be a considerable population of
DWDs in our Galaxy. If exoplanets do exist around DWDs, the
detection of such a population in the future would be very
promising.

However, even if exoplanets can endure the CE phase(s),
they may collide with each other or be ejected from evolving
systems due to the complex orbital evolution (Debes &
Sigurdsson 2002; Veras et al. 2011; Veras & Tout 2012;
Veras 2016; Mustill et al. 2018). Strong tidal forces can crush
the planetary cores during their migration or scattering
processes (Farihi et al. 2018), which may be associated with
the WD pollution effect (Jura et al. 2009; Farihi 2016; Brown
et al. 2017; Smallwood et al. 2018). Therefore, as noted by
Danielski et al. (2019), the detection and study of these objects
can help analyze planetary systems after CE phases and the
planetary formation processes.

Owing to the intrinsic faintness of DWDs and the sensitivity
limits of the current EM methods, there are no more than 200
known detached DWD systems (Brown et al. 2020). The
amount of known interacting (AM CVn) DWD systems is even
fewer (Ramsay et al. 2018). A more frustrating fact is that most
detected exoplanets are restricted to the solar neighborhood
(∼3 kpc) and discovered successfully by EM detection
methods (see Figure 1), such as radial velocity (RV) and
transit measurements.4 Gravitational microlensing is capable of
detecting exoplanets farther away (∼8 kpc) toward the Galactic
bulge, but scarcity and unrepeatability can be two of the main
restricting factors. All these show that it is hard to discover
exoplanets orbiting DWDs using traditional EM techniques in
the Milky Way (MW).
Alternatively, gravitational waves (GWs) can provide a

powerful tool for the detection of exoplanets beyond our solar
system without the above selection problem (Seto 2008; Wong
et al. 2019). Recent studies have explored the prospects of
detecting new circumbinary exoplanets (CBPs) around DWDs
in our Galaxy by using the Laser Interferometer Space Antenna
(LISA) mission (Danielski et al. 2019; Tamanini & Danielski
2019). The method, measuring the perturbation on the GW
signals due to CBPs, is conceptually similar to the RV
technique. Compared to the traditional EM methods, GW
detections are able to detect such a CBP population in principle
everywhere in the MW without being affected by stellar
activities, which, in contrast, should be considered rather
carefully in EM observations. An even more exciting prospect
is that space-borne GW detectors have the potential to detect
DWDs in nearby galaxies (Korol et al. 2020; Roebber et al.
2020), up to the border of the Local Group (Korol et al. 2018).
From these we can see that in the near future, considering the
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rapid development of GW astronomy, the first ever extra-
galactic planetary system might be detected by the space-borne
GW detectors (Danielski & Tamanini 2020).

In this paper, first, we followed the method and procedure
presented in Tamanini & Danielski (2019) to discuss the
prospects for detecting CBPs around DWDs by using two
different space-borne GW detectors, LISA and Taiji. We give a
complementary discussion on the possibility of CBP detections
around some known detached DWDs with high signal-to-noise
ratios (S/Ns). Second, based on the DWD population from the
Mock LISA Data Challenge (MLDC) Round 4 (Babak et al.
2010), we explore the population of CBP detections in our
Galaxy during a 4 yr mission time for GW detectors. For
comparison, recent work has used dedicated binary synthesis
simulations for the DWD population (Korol et al. 2017;
Lamberts et al. 2019), and our results are remarkably consistent
with them. Third, we introduce a detectable zone for each
promising detectable system and discuss the distributions of the
inner/outer edge of this area. Fourth, we inject two different
planet distributions with an occurrence rate of 50% for DWDs
to constrain the total detection rate during a 4 yr mission time.
Finally, we briefly discuss the prospects for detecting habitable
CBPs around DWDs with a simplified model by assuming that
the habitable zone (HZ) boundary criteria for main-sequence
(MS) stars also apply to DWDs. These results can provide a
crude benchmark for upcoming exoplanetary projects and help
analyze planetary systems after CE phases.

The organization of this paper is as follows. We briefly
introduce the two space-borne GW detectors that we use and
the construction of their sensitivity curves in Section 2. In
Section 3, we overview the method proposed in Tamanini &
Danielski (2019), and present the characteristics of DWD
populations and CBP models used in our work for LISA and
Taiji. Using the above ingredients, we report detailed analyses
and our results on various aspects of CBP detections in
Section 4. Finally, we present a conclusion in Section 5.

2. Detectors

The era of GW astronomy has begun following the first
direct detection of a GW, namely GW150914 (Abbott et al.
2016). Generally, the ground-based GW detectors are sensitive
to frequencies between ∼10 Hz and a few of kHz, which has
made them succeed in “listening” to numerous GWs from
merging stellar-mass sources, like binary black holes and
binary neutron stars (Abbott et al. 2017). For the space-borne
detectors, such as LISA and Taiji, the sensitive frequency band
ranges from 0.1 mHz to 1 Hz due to their much longer arm
lengths and specific optics. In such a frequency range, the
potential GW signals come from different sources, and are
considered to have great astronomical and cosmological
significances (Cutler & Thorne 2002; Berti et al. 2005; Klein
et al. 2016; Shi et al. 2019). In particular, Galactic binaries
including DWDs are one class of the prominent sources
emitting continuous GWs in this frequency band.

2.1. LISA and Taiji

The LISA mission, proposed by an international collabora-
tion of scientists called the LISA Consortium, is an ESA-led L3
mission, with NASA as a junior partner, to record and study
gravitational radiation in the millihertz frequency band
(Amaro-Seoane et al. 2017). It consists of three spacecraft with
2.5× 106 km arm lengths trailing the Earth and moving in the
Earth orbit around the Sun. In the sensitive frequency range of
LISA, the dominant GW sources by numbers will be Galactic
DWDs in the MW (Lamberts et al. 2019). So for any CBPs
orbiting DWDs, LISA would be a promising tool to indirectly
detect them. As mentioned in Section 1, the potential of LISA
to detect the first extragalactic planetary was discussed by
Danielski & Tamanini (2020).
On the other hand, Taiji, whose prototype was started in

2008, is a Chinese space-borne GW mission similar to LISA. It
also consists of three satellites forming a giant equilateral
triangle, but with 3× 106 km arm lengths, slightly longer than

Figure 1. Distribution of planetary mass and distance of the confirmed exoplanets. The black dotted line marks a distance of 3 kpc away from our solar system.
Different markers correspond to the currently known exoplanets using different EM detection techniques. Note that we only plot exoplanets with masses below the
deuterium burning limit, i.e., Mp = 13 MJ (see Section 3.2). The data were obtained from the NASA Exoplanet Archive.
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that of LISA (Luo et al. 2020; Ruan et al. 2020; Wang &
Han 2021). These satellites are planned to orbit the Sun in the
Earth orbit with approximately 20° ahead of the Earth. Taiji
also aims to detect low-frequency GW sources in the frequency
band between 0.1 mHz and 1 Hz. Its sensitivity curve at the
lower frequency range performs slightly better than LISA, thus,
as we will see, it has advantages on the detection of DWDs
and CBPs.

2.2. Sensitivity Curves

When it comes to GW detectors, sensitivity curves are
important performance guidelines. We can use them as a tool to
evaluate what types of sources can be detected during the
mission. As described in Robson et al. (2019), we know that
the sensitivity of GW detectors depends on the GW frequency
f, as given by
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where Sn( f ) is referred to as the effective noise power spectral
density; L is the arm length of the space-borne GW detector;
and f* = c/(2πL) is called the transfer frequency. Due to the
longer arm length of Taiji (L= 3× 106 km), f* is a little
smaller for Taiji than for LISA (L= 2.5× 106 km). In the
expression above, the single-link optical metrology noise is
quoted as Pacc, while the single test-mass acceleration noise
POMS is slightly different between the two missions. More
details and analyses of these parameters can be found in
Robson et al. (2019) and Wang & Han (2021).

Besides the instrument noise, estimates for the confusion
noise Sc( f ) are also very important. Sc( f ) is caused by the
unresolved Galactic binaries, and it is associated with the

design of the space-borne detectors. As described in Robson
et al. (2019), estimates for Sc( f ) are well fit by
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where the fixed amplitude Afix= 9× 10−45, the knee frequency
fk= 0.00113, and other fit parameters are given for a 4 yr
observational time as α= 0.138, β=−221, κ= 521, and
γ= 1680. We plot the sensitivity curves of LISA and Taiji in
terms of their characteristic strain, ( )fS fn , in Figure 2. Note
that we have assumed a 4 yr nominal mission duration for all
the discussions throughout this paper. The curve of Taiji taken
from Luo et al. (2020) is combined with Sc( f ), which we
assume to be approximately the same for LISA and Taiji due to
their similar designs and configurations. In reality, as the noise
in the low-frequency band for Taiji is slightly better for LISA,
such an assumption is conservative for Taiji’s performance, as
Taiji will be able to distinguish more Galactic binaries at these
frequencies. Future studies could refine this point.

3. Method

As mentioned in the 1, the GW method for detections of
CBPs was first proposed by Tamanini & Danielski (2019). This
approach relies on the large DWD population with orbital
periods1 hr, which are expected to be the most numerous
GW sources for space-based mHz GW detectors (Nelemans
et al. 2001; Yu & Jeffery 2010; Amaro-Seoane et al. 2017;
Lamberts et al. 2018; Breivik et al. 2020). Because of the
richness of potential sources, GWs could be a powerful tool to
detect CBPs around DWDs. In this section, we will present our
methodology to analyze the problem, which extends the
original one in Tamanini & Danielski (2019). In Section 3.1,
we describe how we obtain the DWD population with some
reasonable assumptions. In Section 3.2, we provide some
details about the CBP injection process. The method for the
GW detection of CBPs is discussed in Section 3.3.

3.1. DWD Population

We consider systems composed of an exoplanet around a
DWD. For such three-body systems, there is no doubt that the
gravity of DWDs dominates the GW signal when compared
with that of exoplanets. Therefore, we provide quantitative
estimates and constraints for the detection of CBPs in our
Galaxy based mainly on the population of DWDs. To give
quick assessments, we obtain the DWD population from the
MLDC Round 4, which is designed to demonstrate and
encourage the analysis of different GW sources (Babak et al.
2010). MLDC Round 4 includes a Galactic DWD population
with∼3.4× 107 interacting binaries and∼2.6× 107 detached
ones. We abandon the population of the interacting systems
mainly for two reasons: (i) the chirp masses of the accreting
systems are hard to obtain with GW observations only, and (ii)
accreting effects would complicate our analysis of CBPs. Such
a treatment was adopted in previous work as well (Danielski
et al. 2019; Tamanini & Danielski 2019), and we leave the
accreting systems for future studies.
Different values of DWD parameters not only lead to

different S/Ns, but also change the estimations of detection
abilities. This was analyzed in Tamanini & Danielski (2019).
We will also discuss the detection abilities with different values

Figure 2. Characteristic strains of the detached DWD population, whose
S/N> 10 for Taiji, are plotted with gray circles. The known detached DWDs
with high S/Ns (listed in Table 3 and discussed in Section 4.2.1) are
highlighted with red stars. Note that the DWD population is plotted based on a
crude assumption that two WDs are equal in mass. We also plot the sensitivity
curves of LISA (blue line) and Taiji (red line) as given in Section 2.2.
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of mass and mass ratio in Section 4.1. When we perform the
calculations to assess the prospects of the final CBP detections
in the MW, we acquire the parameters of each binary from the
data set,5 including the GW frequency f, the frequency
derivative f , the ecliptic latitude β, the ecliptic longitude λ,
the GW amplitude , the inclination ι, and the polarization
phase ψ. More details of the population and the parameters are
presented in Babak et al. (2008, 2010). As we will see later in
Section 3.3.1, we can derive the chirp mass of each system
through the use of observed GW frequency f and its time
derivative f . By assuming that the two WDs are almost equal
in mass, we can then acquire the mass of each WD pair,
(m1,m2), and their total massMb≡m1+m2. We regard this as a
crude but reasonable treatment because the mass ratio
q=m1/m2 (m1>m2) under discussion is often considered
lower than 3 for detected DWDs (for example, see, e.g., Korol
et al. 2017). In Section 4.1, we will show little differences in
detection abilities when realistic mass ratio is considered.

With the above consideration, we recalculate the S/Ns of
31,530 “bright” detached Galactic binaries from MLDC Round
4 for the two detectors. We find that approximately 2.9× 104

(2.2× 104) detached DWDs have S/N> 7 for Taiji (LISA)
during a 4 yr mission. The number becomes 2.5× 104

(1.6× 104) for S/N> 10. For the following, we filter out all
detached binaries with S/N< 10, for both LISA and Taiji, to
get more reliable estimations and striking contrasts between
the two missions in detection abilities. Also, a high S/N is
generally needed in order to have CBP detections around
DWDs. In Figure 2 we show the dimensionless characteristic
strain of the detached DWD population with S/N> 10 for
Taiji. Because of the direct use of the DWD catalog, we could
provide faster assessments for comparisons that are consistent
with previous work within an order of magnitude (Korol et al.
2017; Danielski et al. 2019; Lamberts et al. 2019).

3.2. Injection of CBP Models

When we consider CBPs around a DWD, there is no
evidence to claim that every DWD should have such an
exoplanet. Given that no planets have been discovered orbiting
DWDs so far, we take a bold approach, following Danielski
et al. (2019), and set 50% as the occurrence rate for our
synthetic population of CBPs around DWDs, which is obtained
according to the observed frequency of the WD pollution effect
(Koester et al. 2014). Note also that even if such CBPs exist,
we may miss these exoplanets using space-borne GW detectors
for a variety of reasons. Therefore, a combination of diverse
semimajor axis (a) and CBP mass (Mp) distributions have been
tested in Danielski et al. (2019), from which we adopt the
optimistic and the pessimistic cases as reference points. Notice
that there is a difference between the distributions in Danielski
et al. (2019) and ours in the planet’s orbital inclination i.
Instead of setting a uniform distribution in icos , we inject
CBPs into the DWD systems by assuming coplanar circular
orbits. There are theoretical indications that CBPs prefer to be
coplanar with their central binaries (Kennedy et al. 2012;
Foucart & Lai 2013), and coplanar orbits have been considered
in various other work as well (Dvorak 1986; Holman &
Wiegert 1999; Eberle et al. 2008; Hong & van Putten 2021). It
is certainly advantageous to refine the currently quite uncertain
CBP population models in the future for more accurate

predictions, in particular for a realistic estimate via the GW
method. We will show more details and our detection rates in
Section 4.2.3.

3.3. Detection of CBPs around DWDs

This subsection briefly introduces the method for the GW
detection of a CBP using space-borne GW detectors. We
follow Tamanini & Danielski (2019) to model the perturbation
induced by CBPs around DWDs. We first describe some
characteristics of the three-body system in Section 3.3.1, and
then provide more details about the parameter estimation
process in Section 3.3.2.

3.3.1. Perturbation due to a CBP

Considering a three-body system composed of DWD
emitting GWs with an exoplanet on the outer orbit (P-type
system), we assume that the separation between the planet and
the DWD is much greater than the separation between the two
WDs. For simplicity, we also consider both these orbits as
circular Keplerian orbits. This could root in the binary
evolution scenarios. Based on these assumptions, we obtain
the radial velocity of the DWD with respect to the common
center of mass (CoM),
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We have defined,

⎛
⎝

⎞
⎠ ( )

( )p
=

+
K

G

P

M

M M
i

2
sin , 4

1 3
p

b p
2 3

( ) ( )j
p

j= +t
t

P

2
, 50

where P and i are, respectively, the orbital period and
inclination of the CBP, j(t) is the outer orbital phase, and j0

is its initial value at t= 0.
Through the Doppler effect, the observed GW frequency
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where fG W(t) is the GW frequency in the DWD reference frame
(twice the DWD orbital frequency). Galactic binaries take
much longer than the mission time of GW detectors to merge,
and their frequencies are changing very slowly. We can then
describe their time evolution with a Taylor expansion and
neglect the second and higher-order terms by using,
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where f is the initial observed GW frequency, and f is its
time derivative, which are related to the chirp mass
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Finally, by integrating the observed GW frequency fobs(t), we
can obtain the phase at the observer of the GWs,

( ) ( ) ( )òpY = ¢ ¢ + Yt f t dt2 , 9obs obs 05 https://asd.gsfc.nasa.gov/archive/astrogravs/docs/mldc/
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where Ψ0 is the constant initial phase. The final form of the
observed phase is given by,
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With all the equations above, the parameters characterizing the
DWD and the perturbation induced by a CBP can thus be
extracted from the GW phase evolution.

3.3.2. Parameter Estimation for LISA and Taiji

In the low-frequency range, LISA and Taiji each can be
effectively seen as a pair of two-arm GW detectors like LIGO
and Virgo, and output two linearly independent signals, hI(t)
and hII(t). We often assume that the noise is stationary and
Gaussian, and then the two signals in each independent channel
can be written as (Cutler 1998),

( ) ( ) [ ( ) ( ) ( )] ( )= Y + F + Fh t A t t t t
3

2
cos , 11I, I I I, I I obs I,II

p
D

where AI, I I(t) are amplitudes of GW signals that contain the
constant intrinsic amplitudes of the waveform and the antenna
pattern functions of the detector. In our case the waveform is
approximated by a circular Newtonian binary. The antenna
pattern functions are related to geometric parameters, including
the location of the source (θS, fS), the orientation of the DWD
orbit (θL, fL), and the configuration of the space-borne detector.
In Equation (11), ( )F tI,II

p are the waveform’s polarization
phases induced by the change of the orientation of the detector.
The Doppler phase ΦD(t) is the difference between the phase of
the wave front at the detector and the phase of the wave front at
the Sun. It is further related to the Earth–Sun distance and the
orbital period of the Earth. The full expressions for all above
quantities can be found in Cutler (1998), Cornish & Larson
(2003), and Korol et al. (2017).

Based on the above analysis, our next step is to simulate the
response of LISA and Taiji and perform parameter estimation.
We use the Fisher information approach, as was employed by
Tamanini & Danielski (2019). For each DWD, there are
11 parameters, { ( ) }l q f q f j= YA f f K Pln , , , , , , , , , ,S S L L0 0 ,
characterizing the observed GW waveform. The Fisher matrix
can be written as
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We use the one-sided noise power spectral density Sn( f ) of the
detector from Equation (1). For each DWD, it is merely a
constant in Equation (12) because the binary is quasi-
monochromatic during the observational time Tobs as long
as  f T fobs .

Similarly, the S/N of the signal can be written as,
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This allows us to scale all results with the S/N by rescaling
Sn( f ) (Tamanini & Danielski 2019). From the inverse of the

Fisher matrix, we can obtain the uncertainties and correlations
of parameters as the elements of the variance-covariance matrix
Σij,
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Cutler (1998) has studied the uncertainties for binary
parameters. We follow his method and determine different
partial derivatives of Ψobs(t). Since the error Df would be much
larger than the signal’s f itself, we adopt a treatment to simply
set the fiducial value  =f 0 without introducing noticeable
changes (Takahashi & Seto 2002). Here we only show
expressions of the partial derivatives differing from the
equations in Section 4 of Cutler (1998),
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To measure the additional perturbation due to an exoplanet,
Tamanini & Danielski (2019) paid more attention to the three
parameters associated with the CBP, namely K, P, and j0.
Since the value of j0 is not important for our final results, we
fix j0= π/2. We set 30% to be the detection criterion on both
ΔK/K and ΔP/P, meaning that a detectable CBP is defined
with estimated parameter precision being better than this value.

4. Results

Now we give detailed analyses and discuss the prospects
for detecting exoplanets around DWDs. Using Taiji as a
demonstration, we first give some complementary discussion
on the detection abilities with different values of masses in
Section 4.1. We compare our final results of the CBP detection
between LISA and Taiji in Section 4.2.

4.1. Effects of Masses

From Equation (4), we can see that when other parameters
related to the CBP are fixed, such as its angular position and the
distance, the perturbation K caused by the exoplanet gets
smaller with the increase of the total mass Mb. Meanwhile, the
S/N will be in contrast higher when we only increase the total
mass of the DWD. Therefore, to give a quantitative evaluation,
we perform parameter estimation on the same set of systems
except that their total masses are ranging from 0.2Me to
2.8Me. We assume two WDs are equal in mass and fix the
other parameters of the DWD as

( )q j i
p

Y = = = = =i0, 1.27, 5,
3

. 16S S0

The frequency and distance of the system are fixed to
f= 5 mHz and dDWD= 10 kpc, respectively. Note that we
derive the orientation of its orbit (θL, jL) by inversing Equation
(39) and Equation (40) in Cornish & Larson (2003).
We plot for comparison in Figure 3 the selection functions of

Taiji based on these values. The four dotted lines in different
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colors denote DWDs with different total masses, and the
dashed horizontal gray line denotes the deuterium burning limit
Mp= 13 MJ, which is considered to be the upper limit of the
CBP mass (Danielski et al. 2019). Therefore, it is the area
above the dotted lines and below the dashed line that delimits
the detectable mass-separation parameter space of the CBP for
Taiji. The peak of each line is caused by the degeneracies
between the motion of Taiji, and the motion of the DWD in the
three-body system around its common CoM (see the section
“Methods” in Tamanini & Danielski 2019). Sharp peaks appear
at P= 1 yr (the orbital period of Taiji), while there are also
other smaller peaks at higher harmonics.

For each system, we have fixed the range of the CBP orbital
period to P= 0.025–10 yr, and calculated the CBP’s distance
to the CoM by Kepler’s third law,

( ) ( )
p

= +a
GP

M M
4

. 173
2

2 b p

We mark the distance boundaries as the left and right triangles
in Figure 3. When the period of the CBP is set to the same
value, the planetary orbital size gets larger with the increase of
the total mass of the DWD. We find that the detection abilities
of each system gradually get better with increasing CBP period
before becoming worse near the period of 1 yr. There must be a
minimum value Mp

min that corresponds to the detectable
minimum planetary mass for each system, which we denote
by circles in Figure 3.

Moreover, we can see that the detectable parameter space is
getting wider with the increase of the total mass of a binary,
and the detectable minimum planetary mass is getting smaller.
We point out that this can be explained by the parameter
estimation criterion on K, since in most cases the 30% criterion
is not applicable for ΔP/P, as we can see in Figure 2 of

Tamanini & Danielski (2019). Equation (4) tells us that the
amplitude µ -K Mb

2 3. After plugging it into Equation (12) and
Equation (14), we get D µ -K Mb

5 3. Therefore, the detectable
minimum planetary masses limited by ΔK/K are inversely
proportional to the total masses of DWDs. We also find similar
results in the upper panels of Figure 4 with a wider range of Mb

from 0.2Me to 2.8Me. From these we conclude that S/N is
the dominating factor in detection abilities when we change the
total mass of the DWD. Note that we choose 2.8Me to be the
upper limit in this section because we notice that the maximum
total mass can reach 2.8Me when we considered a Galactic
DWD population from MLDC Round 4 with an equal-mass
assumption in the following sections. Although 2.8Me may be
too high to be the upper limit for most DWDs, whose total
masses usually do not exceed 2Me (Lamberts et al. 2019), it
would not alter the qualitative conclusions derived here.
Similarly, by changing the mass ratio q with a fixed total

mass Mb= 1.4Me of the DWD, we illustrate our results in the
lower panels of Figure 4. This supports that the detection
abilities are not weakened too much if the deviation of q from
our assumption (equal mass) is reasonable, say, q 3. Based
on this, we claim with confidence that our main results have
captured the major features of CBP detections.

Figure 3. Selection functions of Taiji in the mass-separation parameter space
for exoplanets. Four dotted lines in different colors denote systems with
different total masses. The dashed horizontal gray line corresponds to the
deuterium burning limit Mp = 13 MJ. Circles are the detectable minimum
planetary masses for each system, and left/right triangles denote the boundary
values we set. The peak of each three-body system is caused by the degeneracy
between the motion of Taiji and the motion of the DWD around the three-
body CoM.

Figure 4. (a) The S/N, (b) the detectable minimum planetary mass, and (c) its
corresponding orbital size, as functions of the total mass for equal-mass DWDs.
(d) The S/N and (e) the detectable minimum planetary mass, as functions of
the mass ratio q for DWDs with a total mass Mb = 1.4 Me. More details about
the parameters are given in Section 4.1.
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4.2. Comparisons between LISA and Taiji

Now we compare our results about the detections of CBPs
orbiting DWDs between LISA and Taiji. We first discuss the
possible detections around known DWDs in Section 4.2.1. We
find the detectable minimum planetary mass Mp

min of each
system to see if it is below the deuterium burning limit Mp= 13
MJ. If so, we will define this system as the promising system. In
Section 4.2.2, we show the distribution of the promising
systems in our Galaxy and discuss the constraint on their
detectable zones (DZs), which are described as the circumbin-
ary distances where the space-borne GW detector has the
possibility to detect CBPs with Mp� 13MJ. The distributions
of the inner/outer edge of the DZ (referred to as IDZ/ODZ)
and their dependence on the GW frequency are plotted for
comparison between LISA and Taiji. In Section 4.2.3, we
analyze the detection rates during 4 yr by injecting different
planet distributions. Finally, we discuss the prospects for the
detection of CBPs in HZ around DWDs in Section 4.2.4.

4.2.1. Possible Detections of CBPs around Known DWDs

We first discuss possible detections of CBPs around the
known detached DWDs with high S/Ns. Danielski et al. (2019)
have analyzed one DWD in detail (ZTF J153932.16+502738.8).
Here we calculate the expected S/Ns for all DWDs in Huang
et al. (2020) for LISA and Taiji, and list the results of the ones
with high S/Ns (S/N> 10 for Taiji) in Table 1. We can see that
there are four promising systems for Taiji: ZTF J153932.16
+502738.8, SDSS J065133.34+284423.4, SDSS J093506.92
+441107.0, and SDSS J093506.92+441107.0, of which the
first three are also promising systems for LISA. Comparing the
results in Table 1, Taiji obviously has better detection abilities
based on two aspects: (i) the smaller detectable minimum
planetary masses Mp

min , and (ii) the wider DZs. This mainly
comes from the noticeable differences in S/Ns between the two
missions.

As mentioned in Section 3.2, we consider a coplanar circular
orbit for the CBP in a three-body system. Therefore, despite the
fact that it seems likely that LISA and Taiji can detect
exoplanets down to ∼1MJ around these known detached
DWDs, the planetary orbital inclinations can in fact deviate
from the DWD inclination ι, which may lead to a rise in Mp

min .
This could happen due to the degeneracy between the planetary
mass and inclination. On the other hand, if complementary EM
observations in the future could constrain the planetary

inclination well, we can then derive bounds for the mass of
the CBP. Conversely, space-borne GW detectors could also
give constraints in the mass-separation parameter space (see,
e.g., Figure 3), and our results can provide inputs for the EM
exoplanetary projects, which are especially desirable for the
study on possible synergy between GW and EM observations.

4.2.2. Constraints on the Promising Systems in Our Galaxy

We mentioned in Section 3.1 that S/N> 10 is chosen to be
the threshold for our work, and in MLDC Round 4 there are
25,016 (15,903) detached DWDs satisfying this criterion for
Taiji (LISA). Based on these populations, we find a total of
9053 (6718) promising systems at most during a 4 yr
observation for Taiji (LISA). Figure 5 shows that most systems
are clustered together in the 1–13MJ mass range and at about
10 kpc from our solar system, which is consistent with the
distance to the Galactic center. Generally, nearby DWDs could
have lower Mp

min than distant systems due to their higher S/Ns.
This also explains why the promising systems are mainly
distributed in the top right of Figure 5.
To go a step further, we plot the distributions of the

detectable minimum (maximum) period and corresponding
IDZ (ODZ) in Figure 6. We see that some valleys appear at
multiples of 1 yr, which correspond to the peaks in Figure 3,
caused by the degeneracies between source and detector
parameters (see Section 4.1). From the bottom panels, we see
that Taiji is expected to detect CBPs with the planetary orbital
size smaller than 5 au, which is about the distance from the Sun
to Jupiter (5.2 au), while it is a little smaller (4.4 au) for LISA.
The constraints on DZs actually reflect the detection ability of
the space-borne GW detector we choose, because these results
are based on the population of DWDs without injecting any
CBP models. It shows that the best range of detection is
between 0.1 au and 3 au for both LISA and Taiji.
For each promising system, the dependence of IDZ and ODZ

on the GW frequency are illustrated in Figure 7. Our results
seem to suggest that systems with higher GW frequencies tend
to have wider DZs. An explanation for this may come from the
higher S/Ns in the sensitive frequency band, namely 0.1 mHz
to 1 Hz for LISA and Taiji (see Section 2.1 and Figure 2). Note
that there are some gaps at distance1 au in Figure 7; these are
due to our sample intervals in the parameter estimation process
and do not alter the qualitative conclusion derived here.

Table 1
Possible Detections of CBPs around Known DWDs

Taiji LISA

Source amin Mp
min IDZ ODZ S/N Mp

min IDZ ODZ S/N
(au) (MJ) (au) (au) (MJ) (au) (au)

ZTF J153932.16+502738.8 1.53 1.39 0.20 2.20 124.51 2.11 0.32 2.12 81.89
SDSS J065133.34+284423.4 1.79 2.34 0.31 2.04 117.18 2.95 0.49 2.00 92.83
SDSS J093506.92+441107.0 2.03 4.76 0.73 2.21 139.66 9.50 1.40 2.12 70.02
SDSS J232230.20+050942.06 1.59 10.47 1.35 1.66 70.72 21.27 L L 34.82
PTF J053332.05+020911.6 1.63 17.94 L L 29.09 37.69 L L 13.84
SDSS J163030.58+423305.7 1.72 104.33 L L 12.38 283.92 L L 4.55
SDSS J092345.59+302805.0 2.06 179.01 L L 11.61 412.89 L L 5.03

Note. For each system, amin is the detectable minimum planetary orbital size based on our parameter estimation. Through the comparative results of LISA and Taiji,
we list the detectable minimum planetary mass Mp

min with the S/N for each DWD. For each promising system, we calculate the IDZ and ODZ. Other relevant
properties of these known detached DWDs are in the Appendix.
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4.2.3. Detection Rates for Different CBP Models

As mentioned in Section 3.2, we only consider the coplanar
orbits and the occurrence rate is set to 50% for the promising
detectable systems. Based on the catalog of approximately
2.5× 104 (1.6× 104) detectable detached DWDs for Taiji
(LISA) in total (see Section 4.2.2), our model predicts that the
total number of the injected CBP population is 4507 (3322)
during the nominal mission span.

Following Danielski et al. (2019), we consider two scenarios
in our substellar object (SSO) injection processes:

1. an optimistic case where a follows a log-uniform
distribution in the range of 0.1–200 au, and Mp is
uniformly distributed in the range of 1M⊕ – 0.08Me, and

2. a pessimistic scenario where a is uniformly distributed in
the range of 0.1–200 au, and Mp is uniformly distributed
in the range of 1M⊕–0.08Me.

Figure 5. The relationship between the distance and the detectable minimum CBP mass for Taiji (left) and LISA (right) for promising systems in MLDC Round 4
during a nominal 4 yr mission. The color represents the S/N of each system, and the dashed horizontal gray line corresponds to the deuterium burning limit.

Figure 6. The distributions of detectable minimum and maximum period (top panels), and corresponding IDZ and ODZ (bottom panels). Left panels are for Taiji
while right panels are for LISA.
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Note that samples with an injected SSO mass 13MJ<
M< 0.08Me are discarded because we only focus on the CBPs
with mass Mp� 13MJ in this work. More discussions on
brown dwarfs with mass 13MJ<M< 0.08Me can be found in
Danielski et al. (2019).

We find a total of 40 (16) detected CBPs for (A) and 2 (0) for
(B), corresponding to 0.16% (0.10%) and 0.008% (0%) of the
total population of detected DWDs over the 4 yr mission of
Taiji (LISA). From these we conclude that the detection rates in
our work are essentially in agreement with the results in
Danielski et al. (2019), but a little bit more pessimistic as a
whole due to the different underlying models and assumptions.
Therefore, it is advantageous to improve CBP models in the
future for more comparisons. Although there seems to be no
detection in scenario (B) for LISA, Taiji can still have a
nonzero result for CBP detections. These data again suggest
that Taiji has better detection abilities.

4.2.4. Prospects for Detections of CBPs in the HZ around DWDs

The discovery of thousands of exoplanets in past decades has
promoted the study of habitability and the search for
extraterrestrial life (Cockell et al. 2016; Kaltenegger 2017;
Lingam & Loeb 2018), which encompass various research
methods within the physical, biological, and environmental
sciences. Among many contemporary habitability metrics, the
HZ forms a fundamental component to assess the potential
habitability of newly discovered exoplanets. It describes the
circumstellar distance where water at the surface of an
exoplanet would be in the liquid phase (Kasting et al. 1993),
mainly because all life on the Earth requires liquid water
directly or indirectly. Given that the Earth is the only known
planet with life on it, it is reasonable to suppose that such a
concept also applies to exoplanets beyond the Earth.

Most research about the HZ has focused on MS stars that are
similar to the Sun (Kasting et al. 1993; Selsis et al. 2007;
Lunine et al. 2008; Rushby et al. 2013). But recent studies have
started to discuss the HZ of WDs (Monteiro 2010; Agol 2011;

Fossati et al. 2012; Barnes & Heller 2013). Although, unlike
hydrogen-burning stars, the WD cooling makes the HZ move
inwards with time, WDs are still expected to provide a source
of energy for planets in HZ for gigayear durations. As the
remnants of MS stars, WDs are as abundant as Sun-like stars in
our Galaxy. Most of them are close in size to our Earth with a
characteristic luminosity of∼10−4 Le (Agol 2011). So the HZ
around WDs is located within ∼0.01 au where planets must
have migrated inwards after the CE phases (Debes &
Sigurdsson 2002; Livio et al. 2005; Faedi et al. 2011). As
noted by Tamanini & Danielski (2019), the detection of such
an exoplanet would help to provide crucial information on
migration theories, especially around post-CE binaries.
We assume that the HZ boundary estimations for MS stars

also apply to DWD systems. Thus we can determine the inner/
outer edge of the HZ (referred to as IHZ/OHZ) via equations in
Selsis et al. (2007),

⎜ ⎟

⎜ ⎟

⎛
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⎞
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2
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where IHZe and OHZe are the boundaries in our solar system
depending on different fractional cloud cover on the day side of
an exoplanet (see Table 2). As noted in Section 2 of Selsis et al.
(2007), clouds can increase the planetary albedo and reduce the
greenhouse warming, which thus moves IHZe closer to the
star. But for OHZe associated with CO2-ice clouds, which
differ significantly from H2O-ice particles in the optical
properties, the cooling effect caused by the increase of albedo
is weaker than the warming effect caused by the backscattering
of the infrared surface emission (Lunine et al. 2008). As a
result, the theoretical OHZe should be farther for 100% cloud
cover. Other empirically determined constants in Equation (18)

Figure 7. Dependence of IDZ and ODZ on the GW frequency of each promising system. The color represents the S/N of each system for Taiji (left) and LISA (right).
We use the left and right triangles to denote IDZ and ODZ, respectively. Notice that for each system, its IDZ and ODZ are located on the same horizontal line (i.e.,
they have the same GW frequency).
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In Equation (18), L and Le are the primary’s and solar
luminosity, respectively, and Tå= Teff− 5700 K, where the
effective temperature of the primary Teff is given according to
the Stefan–Boltzmann law via,

⎛
⎝

⎞
⎠

( )
ps

=T
L

R4
, 20eff 2

1 4

with σ being the Stefan–Boltzmann constant and R being the
primary’s radius.

As noted by Barnes & Heller (2013), WDs cool rapidly for
about 3 Gyr, and then maintain a relatively constant temper-
ature before falling off again at about 7 Gyr. As a rough
estimation, we neglect the distributions of cooling time and
assume that each WD has the same fixed luminosity value
for which we set it to 1× 10−4 Le, with a total luminosity
2× 10−4 Le. Through the mass–radius relation for WDs in the
Newtonian case, as provided in Figure 4 of Ambrosino (2020),
we calculate Teff of each promising system. Based on our
assumption, the two WDs have the same mass in the DWD
system; therefore, their Teff values are the same as well. We
plug Teff into Equation (18) to obtain the IHZ and OHZ of each
promising system. We verify that ODZ is much farther than
OHZ for each system due to the low luminosities of WDs,
which means that we only need to compare the limits between
OHZ and IDZ. If the IDZ lies closer to the DWD than the OHZ,
we can say that LISA and Taiji are possible to detect a
habitable CBP around this system.

We list our results in Table 2 for LISA and Taiji during a
4 yr observation. Note that for each cloud cover scheme, we
take the same values of IHZ and OHZ as a criterion because the
boundary values of HZ are insensitive to Teff in our simplified
model. Although the detection numbers do not seem high, it
still shows that such a possibility exists. We also have verified
that the detection number would not increase by more than
one order of magnitude if we set the total luminosity to
2× 10−3 Le, which is larger than what they really are when
the WD cooling is considered (see, e.g., Figure 1 in Barnes &
Heller 2013).

5. Conclusion

In this work, we introduce the two space-borne GW
detectors, LISA and Taiji, and discuss using them to detect
exoplanets. For the GW detection method originally proposed

by Tamanini & Danielski (2019), we give some complemen-
tary calculations for detection abilities with different values of
binary mass and mass ratio. The conceptual idea of using
LISA/Taiji to detect exoplanets is similar to the RV technique
but has unique advantages compared to the traditional EM
methods. Before quantitatively analyzing the prospects for
detecting CBPs around DWDs in the whole Galaxy by using
LISA and Taiji, we show that there is a possibility to detect
CBPs around four known detached DWDs with high S/Ns
using Taiji, while three systems are also promising for LISA.
The minimum detectable masses around these DWDs can be as
small as a few Jupiter masses. Moreover, if EM observations
can give more constraints on these systems in the meantime,
e.g., inferring the orbital inclination of the CBP, GWs may
place more restrictions on the mass of the CBP and the
existence of such a population.
Based on the DWD population from MLDC Round 4, we

give quick assessments of CBP detections in the whole Galaxy
during a 4 yr mission time of LISA/Taiji. Our results show that
LISA can detect ∼6000 promising systems, while the number
rises to ∼9000 for Taiji. From the distributions of DZs, we
show that the best range of CBP detections is between 0.1 au
and 3 au around DWDs for both LISA and Taiji. Furthermore,
we inject two different planet distributions with occurrence
rates of 50%, following Danielski et al. (2019), to constrain the
total detection rates. Our results are in bold agreement with
previous studies, but seem slightly more pessimistic as a whole
due to the different models and assumptions we adopted. By
assuming that the HZ boundary estimations for MS stars also
apply to DWDs, we briefly discuss the prospects for detecting
habitable CBPs around detached DWDs in a simplified model.
It shows that such a possibility exists, though the detection
rates are not large during 4 yr observations.
In addition to the planetary migration theories (Turrini et al.

2015), there are also some studies about the second-generation
formation process that can be used to explain the existence of
nearby exoplanets in these systems (Zorotovic & Schreiber
2013; Völschow et al. 2014; Schleicher & Dreizler 2014). All
our results can actually help analyze planetary systems after
CE phases and provide useful input for exoplanetary projects.
With the rapid development of GW astronomy over the past
5 yr, we look forward to the synergy with EM observations
and the full investigation of such a GW detection method of
exoplanets in the near future.
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Note. We have mentioned in Section 4.2.2 that the total number of promising systems is 9053 for Taiji, and 6718 for LISA for a 4 yr mission.
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Appendix

All of the selected known detached DWDs are given in
Table 3. We list the heavier and the lighter masses of the DWD
m1 and m2, the GW frequency f, the luminosity distance dDWD,
the ecliptic coordinates (λ, β), and the inclination angle ι. Most
of the parameters above are taken directly from Huang et al.
(2020), except for the distance to ZTF J153932.16+502738.8
(with an asterisk). We have corrected it with the result in
Burdge et al. (2019).
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