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There are tens of millions of compact binary systems in the Milky Way, called galactic binaries (GBs),
most of which are unresolved, and the gravitational waves (GWs) emitted overlap to form confusion
foreground. By simulating such a confusion foreground, we have studied how LISA, Taiji and TianQin,
including their alternative orbital configurations, subtract resolvable GBs when they combine as some
networks. The results of our research indicate that the order of the detected number for a single detector
from high to low is Taiji-m, Taiji-p (c), LISA, TianQin I, and TianQin II. For detector combinations on the
network, the confusion foreground is effectively reduced as the number of detectors grows, and the optimal
combinations with different numbers are Taiji-m, LISA + Taiji-m, LISA + Taiji-m + TianQin I, and
LISA + Taiji-m + TianQin I + II. The sensitivity curve is optimized as the number of detectors increases,
which renders it possible to detect other gravitational-wave sources more precisely and decrease the
resolvable GB parameter uncertainty. Based on this, we discuss the parameter uncertainty of resolvable
GBs detected by the combinations above and find that GW detection can promote electromagnetic (EM)
detection. On the contrary, we discovered that by utilizing EM detection, determining the inclination angle
can reduce the uncertainty of GW strain amplitude by ~93%, and determining the sky position can reduce
the uncertainty of the phase by ~30%, further strengthening the connection between GW detection and EM

detection, and contributing to the research of multimessenger astronomy.
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I. INTRODUCTION

Since LIGO detected the first gravitational-wave (GW)
event from a binary black hole merger (GW150914) in
2015 [1], a series of ground-based GW detectors, such as
Advanced LIGO [2], Advanced Virgo [3,4] and KAGRA
[5,6], have been built around the world, opening the
window for detecting GWs. However, due to the limitation
of the interferometer arm length, the observation window of
the ground-based GW detector is in the high-frequency
band from 1 Hz to kHz, and the low-frequency GW signal
below 1 Hz cannot be effectively detected. Therefore,
constructing an interferometer with an arm length in order
of one million kilometers in space is an ideal solution for
detecting low-frequency GWs.

The mission proposed by European Space Agency to
detect GWs in the low-frequency band named Laser
Interferometer Space Antenna (LISA) is scheduled to be
launched around the 2030s [7]. At the same time, the Taiji
mission proposed by the Chinese Academy of Sciences to
construct a space-based GW observatory similar to LISA,
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which consists of a triangle of three spacecraft (S/C)
orbiting the sun linked by laser interferometers, will be in
operation [8]. Another Chinese mission, TianQin, being
different from LISA and Taiji, consists of three identical
drag-free controlled S/C in high Earth orbits [9]. LISA,
Taiji, and TianQin are all sensitive to the millihertz
frequency band (~107*~10~" Hz). Indeed, there are some
notional space-based GW missions in the frequency band
spanning from millihertz to hertz. One such mission is the
Deci-Hertz Interferometer Gravitational Wave Observatory
(DECIGO) proposed by Japan [10]. Additionally, there are
missions like the Advanced Laser Interferometer Antenna
(ALIA) and the Big Bang Observer (BBO), which are
considered potential follow-on missions to LISA, operating
in similar frequency band [11]. These missions aim to
explore different frequency bands and provide comple-
mentary insights into the Universe.

Compared with the hertz frequency band, there are a
large variety of GW sources in the millihertz frequency
band sensitive to the space-based GW detectors. These
sources are expected to carry a large amount of information
about galaxy formation, galactic nuclei, the Milky Way,
and the early Universe [12,13], including massive black
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hole binaries [14], extreme/intermediate mass ratio inspi-
rals [15], compact binaries in the Milk Way [16,17], and
stochastic gravitational-wave backgrounds [18,19].

According to current astrophysical models and obser-
vations, there are a large number of galactic binaries (GBs)
in our Milky Way, whose orbital period is less than a few
hours, and the frequency band of emitted GWs is from 0.1
to 10 mHz [20,21]. Considering the sensitivity of the space-
based GW detectors, the GWs emitted by tens of millions
of GBs will enter the observation frequency band at the
same time, overlapping to form the galactic foreground
[22-24]. Except for a small percentage of high signal-to-
noise ratio (SNR) GBs known as resolvable GBs, the
majority of them are unresolved, resulting in an effective
noise called confusion foreground or confusion noise
[25,26]. In the frequency range of 0.5-3 mHz, the con-
fusion foreground will be greater than the instrument noise,
affecting the observation of other GW sources and creating
a bump on the sensitivity curve. While the unresolved GBs
constitute the confusion foreground and have a negative
impact on the observation of other GW sources, the
resolvable GBs are conducive to researching the evolution
and distribution of GBs in our Milky Way, which is also
one of the main science objectives of the space-based GW
detectors [27,28].

Since the proposal of LISA, extensive research has been
conducted on the confusion foreground from GBs [29].
Cornish et al. first presented an analytical fitting function
for LISA’s confusion foreground at the 11th International
LISA Symposium, which subsequent studies have built
upon [30]. In Ref. [31], Liu et al. estimated the confusion
foreground for Taiji by subtracting resolvable GBs and
compared it with LISA. Huang et al, in Ref. [32],
investigated the case of TianQin considering different
configurations and its joint observation with LISA. Unlike
LISA, where the confusion foreground is primarily caused
by double white dwarfs, for GW space-based detectors
like BBO, the confusion foreground is predominantly
composed of neutron-star (NS) binary. In Ref. [33], Cutler
et al. discussed the impact of the NS binary subtraction
problem and baseline design. Yagi et al., in Ref. [34],
studied the subtraction of NS binaries for DECIGO and
BBO with different configurations. Furthermore, in addi-
tion to increasing observation time and improving the
sensitivity of the GW detector, Refs. [35,36] reported that
the networks of the GW detector can also effectively
identify more resolvable GBs and subtract the confusion
foreground.

In this paper, we simulate subtracting the confusion
foreground wusing different combinations between
LISA, Taiji, and TianQin on the network, including their
alternative orbital configurations to determine the best
combination on the network, and draw the sensitivity
curve to calculate the SNR and parameter uncertainty
of detected resolvable GBs, thus discussing the

multimessenger astronomy combined with electromag-
netic (EM) detection.

This paper is organized as follows. In Sec. II, we
introduce the GW signal model used to simulate GBs,
the response of different space-based GW detectors to
GWs, as well as their instrument noise, sensitivity, and the
alternative orbit configurations. In Sec. III, we use the
population model to construct the GB signal, subtracting
the resolvable GBs by the iterative procedure to estimate
the confusion foreground, and calculating the parameters
of the resolvable GBs. In Sec. IV, we present the subtraction
of the confusion foreground by different combinations on
the network, analyze the factors responsible for them, and
plot the full sensitivity curves containing the confusion
foreground. Finally, we summarize our results in Sec. V.

II. GW SIGNALS AND DETECTORS
A. GW signals from GBs

Considering that GBs have a few hours of orbital period
and emit GW frequencies in millihertz, they are in the very
beginning phase of inspiral, millions of years before the
merger [20,37]. Therefore, the orbital period evolves
slowly and the GWs emitted by GBs can be fully regarded
as quasisinusoidal signals (quasimonochromatic sources).
For the GW signal, we can use a very simple model in
which the phase is decomposed in a Taylor series, and
consequently, the time domain waveform of a GB can be
written as [38]

hy (1) = A(1 + cosi?) cos D(¢)
hy(t) = 2Acostsin () (1)

with
(1) = o + 2xfot + nfol® + Pp(1). (2)

where A is the GW strain amplitude, ¢ is the inclination
angle, ®(¢) is the orbital phase, @ (¢) is the Doppler phase,
¢y is the initial phase, and f,, and f, are the frequency and
the derivative of the frequency of GW. The frequency
variation, also known as the frequency derivative, can be
expressed with the equation described in Ref. [39]:

. 96 (GM)\ /3
fo=% (55) " A, 3

where M = (m;m,)%> /(m, + m,)'/3 is the chirp mass, G
and c are the gravitational constant and the speed of light.
By substituting frequency f, ~ 1073 into Eq. (3), we can
roughly calculate the derivative of frequency f, ~ 1071,
indicating that the derivative of frequency is much lower in
magnitude than that of frequency, which is also why we
consider GWs as quasisinusoidal signals. Therefore, we
neglect higher-order phase terms as they contribute
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minimally to the waveform and have little impact on
confusion foreground. Additionally, we assume that the
GBs are in circular orbits and ignore the influence of the
third perturbation body [40,41].

For the space-based GW detector, the periodic motion
around the Sun will produce the Doppler phase, which is
given by [42]

@y (1) =2nfo(R/c)cos fcos(2zf,,t — A), (4)

where R = 1 A.U. is the distance between the Sun and the
Earth, f,, = 1/year is the geocentric orbit modulation
frequency and (4, p) are the ecliptic coordinates of the
GW source.

B. Detector’s response and noise

For the space-based GW detector, the GW strain
recorded by the detector can be described as the linear
combination of two GW polarizations [43]:

h(1) = FH(0)h. (1) + F*(0)hy (1), (5)

where F and F* are the antenna pattern functions. In the
low-frequency limit, the antenna pattern functions in the
detector’s coordinate frame can be expressed as [44]

siny

Ft = - [(1 + cos?8,) sin 2¢, cos 2y
+ 2cos 6, cos2¢,sin 2y ]
F* = - % [—(1 4 cos?8,) sin 2¢, sin 2y,
+2cos 6, cos2¢,cos 2y, (6)

where y = /3 is the angle between the two arms of the
detector, (¢;,0,;) are the coordinates of the location of
the GW source in the detector coordinate frame, and v, is
the polarization angle. The transformation between detector
coordinates (¢,;,0,;) and ecliptic coordinates (4,3) can be
found in the Appendix. To explore the response of the
detector to GWs in different positions, we introduce the
combined tensor mode response function:

F=\[|F*]+[F*P. (7)

The results in the detector coordinate frame are shown in
Fig. 1. It can be seen that the position perpendicular to the
constellation plane has the highest response, implying that
different orientations will affect detection capacity in the
same configuration.

Besides, the noise of the detector is another element that
influences detection ability. In this paper, we focus solely
on the impact of instrument noise composed of acceleration
noise and displacement noise when subtracting confusion
foreground. Therefore, an analytical model of the detector’s

0.0

FIG. 1. The combined tensor mode response function F in the
detector coordinate frame.

sensitivity curve S,(f) can be constructed from the
sky average response function and instrument noise. For
LISA [45] and Taiji [12,46], the sensitivity curve can be
expressed as follows:

10

$2(0) = 335 | P+ 21+ coR(1/1))

)]

with

P =1+ (22 )

s o (5 ()] 00

For TianQin [32,42], the sensitivity curve can be written in
the form of

1| 4S8, 0.4 mHz
) =p [(2ﬂf)4 <1 Ty ) +S"]

[reos(L)] m

where f, = c¢/(2zL) is the transfer frequency, ¢ is the
speed of light, L is the arm length, S, is acceleration noise,
and S, is displacement measurement noise, all of which are
given in Table I.

TABLE I. Noise and arm length of different detectors.
Detector S, /m? s~ Hz™! S,/m?Hz"! L/m
LISA 9 x 10730 225 x 1074 2.5 % 10°
Taiji 9 x 10730 64 x 1072 3% 10°
TianQin 1 x 10730 1 x 1072 V3 x 108
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FIG. 2. The variation of the normal direction of the detector
constellation plane during the observation period.

C. Alternative orbital configurations

LISA, Taiji, and TianQin are all scheduled to launch
a triangular constellation composed of three S/C. The
difference is that LISA and Taiji apply heliocentric orbits,
whereas TianQin applies geocentric orbits. There are
multiple orbital configurations to be chosen, as detailed
in Figs. 2 and 3 and Table II.

LISA includes three S/C forming a 2.5 x 10°® km
triangle trailing the Earth by 20° on the heliocentric orbit
and the constellation plane has a 60° inclination to the
ecliptic plane as shown in Figs. 2 and 3. Meanwhile, Taiji
expects to use a LISA-like orbital configuration with a
3 x 10° km arm length and three different orbital configu-
ration options available [31,47,48]. The first configuration
is called Taiji-p, which has the same inclination angle as
LISA but is 20° ahead of Earth. The second configuration
is exactly the same as LISA, called Taiji-c. These two
configurations are shown on the right side of Fig. 3. The
third configuration named Taiji-m has an inclination of
—60° to the ecliptic plane and a leading angle of 20° to the
Earth, as shown on the left side of Fig. 3.

Unlike LISA and Taiji, TianQin uses a geocentric orbit
with a /3 x 10° km arm length, hence the normal direction
of the constellation plane will remain unchanged, pointing
in the same direction [9,32]. The two orbital configurations
of TianQin are the different orientations of the normal
directions of the constellation plane. The normal direction

=~

~

A=120.4°, B = -4.7°

FIG. 3.

TABLE II. Alternative orbital configurations.
Inclination Leading angle

LISA 60° -20°
Taiji-p 60° 20°
Taiji-c 60° -20°
Taiji-m —60° 20°

A B
TianQin I 120.4° —4.7°
TianQin II 30.4° 0°

of TianQin I points towards the tentative reference
source RX J0806.3+ 1527 (pointing towards 1= 120.4°,
p=-4.7°, while the normal direction of TianQin II
perpendicularly (pointing towards 4 =30.4°, # =0°), which
is shown in Figs. 2 and 3.

The observation time varies with different orbital
configuration. LISA and Taiji are both year-round obser-
vation schemes, and any of Taiji’s three alternative orbital
configurations will not operate simultaneously. Different
from the former, TianQin follows the “three months
on + three months off” observation scheme, and TianQin I
and TianQin II can operate simultaneously to fill the data
gaps of each other [32], which will be considered in the
subtraction methodology in Sec. III B.

III. METHODOLOGY

A. Data analysis

The SNR p of a GB source, which plays an important
role for judging the resolvable sources, can be defined as

p* = (hlh). (12)

where the inner product (-|-) is a generalization of the time-
domain correlation product and is conventionally defined
as [43,49]

Taiji-c

The alternative orbital configurations of LISA, Taiji-p, Taiji-c, Taiji-m, TianQin I, and TianQin II. Note that this is only a

schematic figure of alternative orbital configurations, not the actual scale. The solid arrow on the constellation plane represents the
normal direction of the detector constellation plane, as shown in Fig. 8 of the Appendix in different coordinate frames.
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2 Tops
zm/o dra(t)b(r), (13)

where a(f) and b(f) are the Fourier transformations of a(f)
and b(1), S,(f) is the sensitivity curve defined by Egs. (8)
and (11), and T, is the observation duration. Note that the
second line of Eq. (13) only holds when calculating a
quasisinusoidal signal (quasimonochromatic source) that
has an almost constant noise power spectrum density (PSD)
and it can be seen that the SNR increases while the
observation duration increases. A quasisinusoidal signal
like GB can be represented in the spectrum using the Dirac
Delta function, thus the signal is plotted as a point with
amplitude in the spectrum. Therefore, the SNR of GB in
Eq. (12) can be roughly calculated as follows, which is
obtained by evaluating the SNR integral [45]:

’; _ EAZTOI)S
5 Su(fo)’

where A is the GW strain amplitude. Using Eq. (14) can
calculate SNR more quickly than using Eq. (12), and in the
processing steps of Sec. III B, we use Eq. (14) to quickly
calculate and filter optimal resolvable GBs.

Usually, the GB with the SNR greater than 7 (p > 7) is
defined as the resolvable GB [26,30] and we can analyze
the uncertainties of the resolvable GB using the Fisher
information matrix (FIM), which is defined as

oh| oh
Iy = (g'g) (15)

where ¢&; represents the parameter of GB. For high
SNR signals (p > 1), the variance-covariance matrix
obtained from the inverse of FIM, £ =T"!, where the
diagonal element represents the variance (or mean squared
error) of each parameter, and the off-diagonal element
represents the covariance (or correlation) between the
parameters [32,49]. Therefore, the uncertainty of each
parameter can be written as

Ag = V% (16)

Compared to the uncertainty of coordinates, the uncertainty
of sky position is more commonly used, which can
be obtained by combining the uncertainty of both
coordinates [43]:

(14)

AQ = 271'| Sinﬂ| Zﬁﬂz/u — 2%/1 (17)

When calculating FIM in Eq. (15), use the following
numerical differentiation approximation [32,49]:

oh _h(t.& +6&) — h(t.& — 6&)
a_fiN 25E . (18)

When considering network detection by multiple inde-
pendent detectors, the total SNR and FIM can be obtained
by the sum of the inner products calculated by each
detector, which can be written as [32]

Phet = ZP% = Z(hklhk)
k k
re=3r-Y(S%)
k k !

o&;
where k represents different independent detectors. From
Eq. (19), the sensitivity in the network can be obtained,
whose reciprocal is the sum of the reciprocal sensitivities of
each detector, which can be expressed as follows:

Sih = Ssp. (20)
k

B. Subtraction of the confusion foreground

For population simulation of GBs, we used the pop-
ulation datasets from the first “new” LISA Data Challenge
(LDC), codenamed RADLER, which contains approxi-
mately 30 million GB sources in the millihertz band
[22,50]. For the convenience of data processing, we select
1% of the GBs in RADLER (3 x 10° GBs) and multiply
them to achieve the same amplitude level as the actual
situation to generate the galactic foreground. The number
of 3 x 10° GBs is sufficient to include the same parameter
distribution 3 x 107 GBs in RADLER, and the number of
the resolvable GBs should be 1% of that in RADLER.
Notice that although the multiplication operation was
performed during the generation of the galactic fore-
ground, which would increase the amplitude of a single
signal, the smoothed spectrum is used in subsequent
processing to obtain the same amplitude as RADLER
without affecting the calculated SNR.

The basic steps for subtracting the confusion fore-
ground are shown in Fig. 4, which can be summarized as
follows [26,31,32]:

(1) Simulate the superposition 4(z) of 3 x 10° GBs in
the time domain and then calculate the power
spectrum density (PSD) of the galactic foreground.
Run the median on the PSD to estimate the con-
fusion foreground S.(f).

(2) Roughly calculate the optimal SNR p under the
sensitivity curve of instrument noise S, (f) using
Eq. (14), and consider GBs with an optimal SNR
greater than 3 (p > 3) as optimal resolvable GBs,
which can quickly filter out 99.6% of unre-
solved GBs.
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FIG. 4. The flowchart of subtracting the confusion foreground and the proportion diagram of different GBs. The flowchart provides
the basic steps for subtracting confusion foreground in Sec. III B. The proportion diagram shows the proportion of different GBs,
indicating that the optimal resolvable GBs can filter out most unresolved GBs.

(3) For the ith optimal resolvable GB, the sensitivity
curve is formed by adding instrument noise and
confusion foreground [S,(f) + S.(f)], and the SNR
p; 1s calculated using Eqs. (12) and (13). If the SNR
is less than 7 (p; < 7), skip and repeat the method to
calculate the SNR of the (i + 1)th optimal resolv-
able GB. If the SNR is greater than 7 (p; > 7), the
GB is resolvable, and then continue with the next
subtraction step.

(4) Subtract the ith GB signal in the time domain
[A(f) — h;(#)] and use the method in step 1 to
reestimate the subtracted galactic confusion. Repeat
steps 3 and 4, continuously subtracting resolvable
GBs and reestimating galactic confusion until all
optimal resolvable GBs are calculated.

(5) Repeat steps 3-5 in the remaining optimal
resolvable GBs until the subtracted GB is O,
indicating the galactic confusion composed of
unresolved GBs.

(6) Recalculate the SNR and FIM of the resolvable GBs
using the final subtracted galactic confusion.

In the above steps, it is assumed that the resolvable GB
can be subtracted perfectly without residual error, which
will not be achievable in practice, and the subtraction
error should be considered [51,52]. When generating
the time-domain galactic foreground signal, we set
the Earth in the Vernal Equinox as zero time (¢ = 0),
and conduct observation simulation at different times
(Typs = {0.5,1,2,4}years) to subtract the galactic con-
fusion using the above basic steps. Considering the
observation on the networks, we use the method of
Eq. (19) to calculate the SNR and FIM, and get the
results on different networks.

IV. RESULTS

A. Resolvable GBs

Using the method in Sec. III B, we simulated and
calculated the number of resolvable GBs detected on
different detectors and their networks at different observa-
tion times, as shown in Fig. 5.

Apparently, Fig. 5 illustrates that as the observation time
increases, the number of resolvable GBs also increases due
to Egs. (13) and (14).

Given the observation time, for a single detector, the
number of resolvable GBs detected in descending order is
Taiji-m, Taiji-p (c), LISA, TianQin I, and TianQin II,
mainly due to the arm length and orientation of the detector.
In terms of arm length, from Egs. (8) and (11), it can be
seen that the longer the detector arm length results in the
better sensitivity. Moreover, from Table I, it can be seen that
Taiji’s arm length (3 x 10° m) is the longest, followed by
LISA’s arm length (2.5 x 10° m), and TianQin’s arm length
(v/3 x 10 m) is the shortest, making Taiji detect more
resolvable GBs than LISA and TianQin. In terms of
orientation, Fig. 1 shows that the detector is most sensitive
to signals perpendicular to the constellation plane position
(0, = 0°or 180°). The density of GBs in the bulge region of
the Galaxy is significantly higher than that in the
disk region [53], therefore the closer the normal direction
of the detector constellation plane is to the Galactic
Center (4 = 266.8°,f = —5.6°), the greater the detector
response and the more resolvable GBs can be detected.
From Fig. 2, it can be seen that the normal direction of
Taiji-m (f = —30° and S = 60°) is closer to the Galactic
Center compared to Taiji-p (¢) (f = 30° and S = —60°)
over a year, and the normal direction of TianQin I

124047-6
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concise, TJ represents Taiji and TQ represents TianQin, which is also represented in Figs. 6 and 7 and Table III. The results of Taiji-p and
Taiji-c are the same and thus we use TJpc to represent both. The numbers on the bars represent the number of resolvable GBs at different

observation times (7 g,
situation.

(A =1204°p = —4.7° and 1 =300.4°p =4.7°) is also
closer to the Galactic Center than TianQin I
(A=1304°p=0° and 1=210.4°p=0°. Therefore,
Taiji-m detects more resolvable GBs than Taiji-p (c), and
TianQin I detects more than TianQin II.

For detection on networks, just like the result in a single
detector, the arm length and orientation of the detector are
the major factors in resolvable GB detection. Because of the
longer arm length of Taiji and LIS A than that of TianQin, the
networks of Taiji and LISA detect more resolvable GBs than
individual Taiji or LISA, but the improvement is not
significant compared to TianQin’s network. Equation (20)
indicates that the reciprocal sensitivity on the network is
the sum of the reciprocal sensitivities of each detector.
Therefore, as the number of detectors in the network
increases, the sensitivity of the network increases, but the
increase rate decreases. In summary, it can be concluded that
as the number of detectors on the network increases, the
number of resolvable GBs detected will also increase. The
optimal result will be achieved when LISA, Taiji-m, TianQin
I and TianQin II are combined as a network.

B. Improvement of sensitivity

In order to better show the impact of confusion fore-
ground on the sensitivity curve, and the subtraction of
confusion foreground by different number of detectors on
the network, we can fit the confusion foreground on
logarithmic scale through a polynomial function, which
can be written as follows [32]:

= {0.5,1,2,4} years). Note that we only used 3 x 10° GBs, making the results approximately 1% of the actual

Se(f) = 10°

ool

This fitting is only applicable to the frequency range of
0.1-6 mHz, and the fitting parameters a, are listed in
Table III. Because of different fitting functions, they can
affect the final curve. Therefore, the fitting parameters
given in Table III and the curves drawn in Fig. 6 are only
used as a reference. In our previous calculations, we
estimate confusion foreground using a running median
on PSD.

In Fig. 6(a), we plotted the sensitivity curve of a single
detector, and it can be seen that in the part where the
confusion foreground affects, the sensitivity curve gener-
ated by instrument noise is better in Taiji than in LISA than
in TianQin. In the range of 8-1.5 mHz, the full sensitivity
curves of LISA and Taiji are almost identical, due to the
larger response of resolvable GBs in Taiji, resulting in
greater confusion foreground. In the range of 1.5-3.5 mHz,
the full sensitivity of Taiji-m is superior to that of Taiji-p
(c), as Taiji-m can detect more resolvable GBs than Taiji-p
(c), resulting in lower subtracted confusion foreground. In
the 2-6 mHz range, the full sensitivity of TainQin I is
slightly lower than that of TianQin II, which is also because
TainQin I has a greater response to resolvable GBs.

(21)
with

n=0

(22)
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TABLE III. Fitting parameters of the confusion foreground.

Detector a a; a, as ay as
LISA —37.187 -3.432 —2.753 —5.044 -7.123 —-4.120
Tlpc -37.191 —3.443 -2.710 —4.847 —6.871 —4.016
TIm —37.186 —3.485 -3.273 -5.970 —7.926 —4.785
TQ I -37.262 —3.465 —2.790 —2.128 1.701 2.734
TQ II —36.999 -3.177 —4.288 —11.632 -13.272 —4.360
LISA 4+ TJm —37.502 -3.479 -3.790 —8.853 —-12.191 —6.537
LISA + TIm + TQI —37.739 -3.472 —3.384 —7.864 —10.962 —5.755
LISA 4+ TIm+ TQI+ 1T —37.825 —-3.505 —4.098 -10.273 —13.655 —6.547

In Fig. 6(b), we show the sensitivity curves of different
numbers of detectors on the network. It can be seen that as
the number of detectors on the network increases, the
sensitivity curve of instrument noise decreases. Moreover,
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FIG. 6. Sensitivity curves of a single detector and detectors on
the network for four years observation time. The vertical axis
adopts dimensionless characteristic strain sensitivity +/fS,(f).
The dashed lines are the design sensitivity curves that only
consider instrument noise, while the solid lines are the full
sensitivity curves that add confusion foreground.

because in this range, the sensitivity of TianQin is much
lower than that of LISA and Taiji, the sensitivity curve of
instrument noise only slightly changes after adding
TianQin to the network. As the number of detectors on
the network increases, the more resolvable GBs are the
subtracted confusion foreground is smaller, which is
sufficient to demonstrate the advantage of detecting on
the network for subtracting confusion foreground.

C. SNR and uncertainty

In addition to the number of resolvable GBs detected
and the sensitivity curve containing confusion foreground,
the uncertainty of parameters for resolvable GBs is also
crucial. Therefore, we calculated the FIM on different
networks (choosing TJm, LISA + TJm, LISA + TJm +
TQI and LISA + TJm + TQI + II due to the most number
of resolved GBs with 1, 2, 3, 4 detectors, respectively)
using Egs. (15)—(19) to obtain the uncertainty of different
parameters, as shown in Fig. 7.

Explanation of the result on the right side of Fig. 7 is
needed: for the resolvable GBs detected only by Taiji-m,
it can be clearly seen that as the number of detectors
on the network increases, the SNR will increase, while the
uncertainty of parameters will decrease. This is due to the
sensitivity improvement for the increased number of
detectors on the network. Similar to the increase rate in
the number of resolvable GBs described in Sec. IV A, the
magnitude of changes in SNR and uncertainty will
decrease as the number of detectors on the network
increases. Increasing from one detector to two has a
significant effect, but increasing from two to three is
relatively less significant.

Unlike the above situation, in actual detection, the
resolvable GB detected by different detector combinations
is different. From the result on the left side of Fig. 7, it can
be seen that the changes in SNR and uncertainty of
resolvable GBs detected on different networks are not as
significant as those of the same resolvable GBs. Except for
the decrease in the uncertainties of GW strain amplitude,
frequency, and sky position, there are almost no significant
changes in the rest, and even some uncertainties have no
decrease but increase. For example, the initial phase and
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FIG. 7. The median SNR and parameter uncertainty on differ-
ent networks for four years observation time. In the left bars we
list the SNR and parameter uncertainty on different network of
RGB detected by the corresponding detector combination; in the
right bars we list the SNR and parameter uncertainty on different
network of RGB detected only by Taiji-m. The numbers on the
bars are the median of SNR and parameter uncertainty.

polarization angle show a slight increase when the number
of detectors on the network increases from three to four.
This is because as the number of detectors on the network
increases, the sensitivity improves, making many unre-
solved GBs become resolvable GBs, adding more low-SNR
resolvable GBs. Therefore, it is possible that as the

number of detectors on the network increases, uncertainty
increases instead of decreasing, and SNR decreases instead
of increasing.

Nonetheless, as the number of detectors on the network
increases, the SNR of the same resolvable GBs increases,
and uncertainty decreases. Moreover, after adding more
low-SNR resolvable GBs, the overall SNR remains almost
unchanged, with some uncertainties significantly decreas-
ing and others slightly increasing, which is sufficient
to demonstrate the positive impact of increasing the
number of detectors on the network. Not only these,
but also the GW detection of resolvable GBs is helpful for
the detection of EM bands, constituting multimessenger
astronomy [54-57].

The more accurate the GW detection of resolvable GBs
parameters, i.e., the lower the uncertainties, the more
conducive it is to EM detection. If the sky position of
the source is sufficiently accurate, it is possible to search
for EM counterparts through EM follow-up obser-
vations. Among all resolvable GBs, the uncertainty of
the sky position is less than 1 deg?> (AQ < 1 deg?) for
30.2%-31.6% of resolvable GBs, and less than 0.1 deg?
(AQ < 0.1 deg?) for 9.6%—10.3%. It can be seen from the
data in Fig. 7 that among all parameters, the frequency
measurement of resolvable GBs is the most accurate, of
which the uncertainty on Af,/f, of 29.2%-32.3% GB is
less than 1 x 107 (Af,/fo < 1 x 107°), while the GW
frequency f, is directly related to the period T, of
resolvable GBs (fy = 2/T,), that is, the period can be
measured accurately. Note that as the number of detectors
on the network increases, the proportion of the above items
will also increase.

On the contrary, the results of EM detection can also
serve as a prior to reduce the uncertainty of GW detection.
We adopt the method in Ref. [31], which can be used to
reduce the uncertainty of parameters from GW data by
removing the respective rows and columns in the FIM. By
observing GBs, the inclination angle 1 can be independently
determined by EM detection, and we assume that the
inclination angle of resolvable GBs can be completely
determined. By calculating the uncertainty of other param-
eters through the removed FIM, we found that only the un-
certainty on A4/ A changes significantly, with the mean
uncertainty decrease of 91.9%-93.5% and the median un-
certainty decrease of 60.8%—61.9%. From Eq. (1), there is
degeneracy between GW strain amplitude A and inclina-
tion angle 7, which is why determining the inclination angle
can significantly improve the measurement of amplitude.
Using the same method, we assume that the EM counter-
parts can be found through EM detection, that is, the sky
position (4, p) is completely determined. Therefore,
the mean uncertainty on ¢, is reduced by 25.8%-33.6%,
the median uncertainty is reduced by 25.1%-26.9%, and
other parameters will have a decrease of 2%—9%. Notice
that the above situations are all very idealized and are based
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on the assumption that a certain parameter of all resolvable
GBs is completely determined, which cannot be achieved
in practice. Even so, it can also indicate that there is
feasibility in reducing the parameter uncertainty of GW
detection through EM detection. In summary, GW detec-
tion and EM detection can complement each other, and as
the number of detectors on the network increases, the
improvement of both will be greater.

V. SUMMARY AND DISCUSSION

In this paper, we used 1% of the data in LDC, which is
3x 10° GBs, to simulate the galactic foreground by
overlapping GBs as quasisinusoidal signals. We treated
GBs with the SNR greater than 7 as resolvable GBs,
studied the number of detected resolvable GBs under
different detector combinations and their alternative
orbital configurations on the network, calculated the
parameter uncertainties of resolvable GBs, and plotted
the fitted full sensitivity curve.

Through the iterative method, we predict the number of
resolvable GBs detected by different detector combina-
tions on the network. In the single detectors, the number
of resolvable GBs is arranged in descending order of
detected quantity: Taiji-m, Taiji-p (c), LISA, TianQin I,
and TianQin II. The trend of results for different detector
combinations on the network is also similar to that of a
single detector. The optimal combination for each number
on the network is TJm, LISA + TJm, LISA + TJm + TQI,
and LISA + TJm + TQI + IL

Based on the above optimal combinations, we calculate
the uncertainty of the parameters of resolvable GBs using
FIM. As the number of detectors on the network
increased, the uncertainty of the same resolvable GBs
decreased, and the magnitude of the decrease also
decreased. The uncertainty remained reduced or almost
unchanged even when more low-SNR resolvable GBs
were detected. Resolvable GBs with low uncertainty can
help EM detection find electromagnetic counterparts and
determine the period of GBs, while EM detection can also
serve as a prior to reducing the uncertainty of GW
detection. We find that determining the inclination angle
through EM detection can reduce GW strain amplitude
uncertainty by ~93%, and determining the sky position
can reduce the phase uncertainty by ~30%. Therefore,
GW joint detection on the network can complement EM
detection, which is conducive to the development of
multimessenger astronomy.

By fitting the full sensitivity curve containing confusion
foreground, it is possible to intuitively see the effect of a
single detector and different combinations of detectors on
the network on subtracting confusion foreground. The
effect of subtracting confusion foreground is basically
proportional to the number of resolvable GBs detected.
The more detectors in the network, the better the sub-
tracting effect.

In addition, it should be noted that so far, no space-based
GW detector has been launched, so the data related to the
space GW detector are simulated and predicted. In fact,
during the observation, the noise is assumed to be Gaussian
and stationary, and the data quality is assumed to be
optimal and uninterrupted [26]. We use SNR to define
thresholds and distinguish resolvable GBs, which is very
useful and efficient to estimate confusion foreground.
Moreover, we assume that the subtraction of GBs is perfect
without residual, which leads to our results being optimal
and ideal. Some new and more practical methods have been
proposed, such as iterative subtraction based on the Particle
swarm optimization algorithm [35,58], search and sub-
traction using Bayesian evidence ratio [59].

In future research, we can delve into multiple aspects to
improve our understanding and accuracy of confusion
foreground. First, we can further investigate the relation-
ship between GW detection and EM detection, exploring
how to better combine GW detectors and EM detectors to
enhance observation and understanding of GBs [60].
Second, we can delve deeper into the impact of time-delay
interferometer (TDI) technology on confusion foreground,
as well as the subtraction of confusion foreground by
different generations of TDI and channels [61] In addition,
we can also consider the impact of different population
models on confusion foreground to better understand the
population distribution and evolution theory of GBs.
Finally, we can also consider the impact of confusion
foreground on other GW sources to better evaluate the
sensitivity and accuracy of GW detection, and use fore-
ground noise to improve the data processing and analysis
methods. In conclusion, through in-depth research on the
above aspects, we can further improve our understanding
and accuracy of GW detection, so as to better explore the
essence and evolution history of astrophysical events, and
provide more valuable data and information for research in
cosmology, astrophysics and other fields.
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APPENDIX: COORDINATE TRANSFORMATION

The transformation between detector coordinates (¢;,0,;)
and ecliptic coordinates (4,5) is based on the method
described in Ref. [44], and the situation in both coordinate
frames is shown in Fig. 8.

We can use a rotation matrix R to connect detector
coordinates X¢ = {sin @, cos ¢, sin @, sin ¢4, cosf,;} and
ecliptic coordinates X¢ = {cos /3 cos A, cos 3 sin 4, sin 3},
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X¢ = Rx‘
X4 =R7'Xe. (A1)
For LISA and Taiji:
cos 0, cos® ay + sin*ay  (cos@; — 1)sinaycosa; —siné,;cosay,
R = (cosf;—1)sinazcosa; cos@;sin’a, +cos>’a; —sinf;sina, (A2)
sin 0; cos a sin @; sin a cos b,
For TianQin:
o8 0, cos ¢, sinay + singh,, cosay  €os 0y, €S Py, COS Ay — singy, sinay  sinby, cos Py,
R = | cosb,,sing,, sina; —cos g, cosa, cos,,singp, cosay +cosg,,sina; sinb,sing,, |, (A3)

—sinf,, sinq,

—sinf,, cos ay cos &,

where a; = 2z f .t + 23—” (n—1) 4 ag, n is the nth S/C, ay is the initial phase, f,. = 1/T. and T, is the rotation period.
For TianQin, T, = 3.65 days and f,, ~3 x 1073 mHz, but for LISA and Taiji, T, = 1 year and f,. ~3 x 107° mHz.
The angles in the rotation matrix R can be determined from Fig. 8. For LISA, Taiji-p and Taiji-c, €, = 60° and for Taiji-m,

0, = 120°. For TianQin 1, 6,, = 94.7°, ¢,, = 120.4° and for TianQin II, 8,, = 90°, ¢,, = 30.4°.
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