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The space-based laser interferometers, LISA, Taiji and TianQin, are targeting to observe milliHz gravitational
waves (GWs) in the 2030s. The joint observations from multiple space-based detectors yield significant advan-
tages. In this work, we recap the studies and investigations for the joint space-based GW detector networks to
highlight: 1) the high precision of sky localization for the massive binary black hole (BBH) coalescences and the

GW sirens in the cosmological implication, 2) the effectiveness to test the parity violation in the stochastic GW
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background observations, 3) the efficiency of subtracting galactic foreground, 4) the improvement in stellar-mass
BBH observations. We inspect alternative networks by trading off massive BBH observations and stochastic GW

1. Introduction

The sky localization of gravitational-wave (GW) sources is one of key
scientific tasks for GW observations. Rapid and accurate localization is
crucial to help follow-up observations of their electromagnetic counter-
parts. Once their host galaxies are uniquely identified by observations of
their electromagnetic counterparts, these GW events can be used as stan-
dard sirens to measure the cosmological parameters [1]. If GW events
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are not accompanied by electromagnet counterparts, these GW events,
as so-called dark sirens, can measure the cosmological parameters by
statistical techniques using galaxy catalogues. In this case, precision lo-
calization of GW sources reduces the number of possible host galaxies,
which improves measurements of the cosmological parameters. How-
ever, a single laser interferometer detector is insensitive to the sky loca-
tion of transient GW sources. In principle, the location of sources can be
determined by triangulation based on the differences in times of arrival
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at the different detector sits in a network of more than three detectors.
Actually, including the amplitude and phase of the signal enables the
source to be localized to a single sky path in a network of three detec-
tors.

The two detectors of advanced LIGO in the United States, one in
Hanford, Washington and the other in Livingston, Louisiana, simultane-
ously observed the first GW signal from the coalescence of stellar-mass
binary black hole (BBH), GW150914 [2]. During the second observing
run, the advanced Virgo detector near Pisa, Italy, joined the two ad-
vanced LIGO detectors. The GW event of GW170814 was for the first
time observed with a network of three detectors [3]. Such a network
improves the sky localization of the source, reducing the 90% credible
area on the sky from 1160 deg? using only two advanced LIGO detectors
to 60 deg® with the LIGO-Virgo network. For the signal of GW170817
from a binary neutron star inspiral, the source was localized to a region
of 190 deg? using only two advance LIGO detectors [4]. Although the
signal is not visible in the Virgo data, adding the Virgo data allowed a
precise sky localization to an area of 28 deg?. This measurement played
an important role in identifying the host galaxy, NGC 4993. The KA-
GRA detector located in Japan will join the LIGO-Virgo network dur-
ing the fourth observing run. The LIGO-Virgo-KAGRA network of four
detectors are expected to improve the sky localization of GW sources.
LIGO-India is a planned GW detector that will be located in India as
part of the global network. Adding the LIGO-India detector to the ex-
isting LIGO-Virgo-KAGRA network will further improve the localization
accuracy.

Unlike ground-based GW observations, a single space-based GW de-
tector is able to localize the sky position of GW sources including mas-
sive BBHs, galactic binaries (GBs) in the Milk Way and extreme mass
ration inspirals. Such sources are usually visible to the detector for sev-
eral days, months, or even years. Since the detector is moving relative
to sources, the detector can be effectively regarded as a network of mul-
tiple detectors in different locations at different times. However, a sin-
gle space-based GW detector could not accurately determine the source
position on the sky. For example, LISA, a space observatory project pro-
posed by the European Space Agency, achieves an angular resolution of
about 0.3 square degrees for the coalescence of massive black hole bi-
naries [5]. LISA is planned to launch between 2030 and 2035 [6]. Taiji
proposed by the Chinese Academy of Sciences is expected to launch dur-
ing the same period as LISA. If Taiji joins LISA, the LISA-Taiji network is
expected to significantly improve the sky localization of massive BBHs
[7]. For a BBH with a total mass of 10° solar mass, the LISA-Taiji net-
work may improve the source localization by four orders of magnitude
compared to an individual detector [8]. This result implies that it is pos-
sible to completely identify the host galaxy only from GW observations
prior to the merger.

Besides improving the localization accuracy, the network of detec-
tors increases the detection rate and improves the isotropy of the net-
work antenna pattern [9]. Seto pointed out that the network is able to
measure the Stokes parameter of GWs, which characterizes the asym-
metry of the amplitudes of right- and left-handed waves [10]. Such the
asymmetry is closely related to parity violation in the early Universe.
This paper presents some significant progresses on the study for the
space-based GW detector networks. We shall focus on the sky local-
ization of sources, test of parity violation, substraction of the galac-
tic foreground, and improvement of the detection number of stellar
BBHs.

The organization of this paper is as follows. In Section 2 we introduce
the conception of space-based GW detector networks. We show that the
localization accuracy of massive black hole binaries can be significantly
improved by the LISA-Taiji network. This facilitates the cosmological
implications such as standard sirens and dark sirens. In Section 3 we il-
lustrate the effectiveness to test the parity violation in the stochastic GW
background (SGWB). Section 4 presents the galactic foreground subtrac-
tion with space-based GW detector networks. In Section 5 we present the
improvement of the detection number of stellar BBHs by the LISA-Taiji
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network. In Section 6 alternative networks are discussed. Section 7 is
our conclusions and prospects.

2. Localization of sources

In GW observations, the ability to quickly and accurately locate GW
sources is crucial for advancing our understanding of the universe. Cur-
rently, the second-generation ground-based laser interferometer GW de-
tectors, such as advanced LIGO and Virgo, are designed to primarily
detect transient GW signals emitted from coalescing stellar-mass com-
pact binaries. The detectors are most sensitive in the frequency band of
10-1000 Hz. The sensitivity of the detectors to GWs is not directional,
which makes it challenging to precisely localize the sky position of a
GW source using a single detector. However, with a network of three
or more detectors, the sky position can be inferred by triangulation and
analyzing the differences in the phase and amplitude detected by each
detector. Unlike ground-based detectors, the space-based GW detectors
focus on GW signals within frequency range of 10+ — 10~! Hz, which
covers many types of sources [6,11-13]. In general, the GW signals can
be observed by a space-based detector for extended periods of time,
ranging from several days to years. As the detector moves and rotates
in space, its sensitivity to different directions in the sky described by
antenna pattern function changes, which allows for a precise determi-
nation of the source position.

2.1. Localization accuracy of coalescing massive BBHs

Particularly, the coalescing massive BBHs with total masses between
10*M and 108 M, which emit GW signals accumulating large signal-
to-noise ratios (SNRs) in a matter of days or weeks are primary sources
of space-based GW detection [6,12,14]. The systems may also produce
electromagnetic emission that can be detected by electromagnetic ob-
servations [15]. The fast and accurate localization of these sources from
GW observations is significant for uniquely identifying the host galaxy,
and it allows the detailed arrangements for follow-up electromagnetic
spectroscopic observations. For a detected GW signal with a significant
SNR, the uncertainties in the measurement of source parameters can be
estimated by Fisher information matrix, and the elements of the matrix
is given by [16]

) det

2

det
where £ is the GW waveform in frequncy domain and 4; denotes the
i-th source parameter. In Eq. 1, the summation is operated on multiple
detectors and the noise-weighted inner product (g|h) is given by
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where S(f) is the one-sided power spectral density of the detector noise.
Considering the leading order, the variance-covariance matrix of the
source parameters can be obtained by [16]
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We can deduce the sky position of a GW source from the parameters:
luminosity distance d; and sky coordinates (6, ¢). The uncertainty of
the sky coordinates can be converted into the angular resolution AQg
by [8]

o, = (ALAL) =T,

AQ, = 2xsind|\/(A0%)(A2) — (A0AG)2, @

where (A6?), (A¢?) and (AOA¢) are given in Eq. 3. The luminosity dis-
tance uncertainty Ad; /d; can also be directly derived by Eq. 3.

Many studies have analyzed the localization accuracy of coalescing
massive BBHs for LISA, Taiji or TianQin using the Fisher information
matrix approach [8,16-25]. Their results indicate that it is not enough
for a single space-based GW detector to uniquely identify the host galaxy



R.-G. Cai, Z.-K. Guo, B. Hu et al.

Taiji

Fundamental Research 4 (2024) 1072-1085

Fig. 1. Configuration of the LISA-Taiji network. The LISA constellation follows the Earth by 20°, while the Taiji constellation leads the Earth by 20°.

of a non-precession massive BBH from inspiral GW observations. How-
ever, considering that LISA, Taiji and TianQin would launch in the same
period, it is feasible to conduct joint GW observations with multiple de-
tectors. The performance of the multi-detector network on sky localiza-
tion can also be estimated by above equations. The results in Ref [18].
indicate that the localization accuracy of massive BBHs can be dramati-
cally improved by a network of two or three LISA-like detectors. Specifi-
cally, some authors present the demonstration of the LISA-Taiji network
in Ref [7]. For the network, the configuration angle subtended by the
heliocentric orbit between LISA and Taiji is set at 40° (see Fig. 1). The
LISA constellation follows the Earth by 20°, while the Taiji constellation
leads the Earth by 20°. In fact, for the LISATaiji network, the configura-
tion angle will affect the angular resolution of massive BBHs. According
to the analysis of 10,000 equal-mass BBHs distributed at different sky
positions with total intrinsic mass M = 105MO and redshift z = 1, 3, the
minimum value of the angular resolution AQg will be reached at a con-
figuration angle of 180° [7]. As the configuration angle increases from 3°
to 40°, there is an approximate improvement of 2 orders of magnitude
in the median value of AQg. Nevertheless, the improvement reduces
to approximately 0.6 orders of magnitude as the configuration angle
further increases from 40° to 180°. Thus, considering the potential cost
of placing LISA or Taiji in space, it is reasonable to set the configura-
tion angle at 40° for accurately localizing the GW sources. Moreover,
other alternative network configurations have also been contemplated
by some authors [25,26], and more details will be provided in Section 6.

The network of multiple space-based detectors provide a prospect to
identify the host galaxy of massive BBHs before the final merger. For a
given GW signal observed 52 days prior to merger, Taiji can localize the
massive BBH with AQg < 4 deg” and Ad, /d, < 8% through the obser-
vation of the inspiral phase, while the LISA-Taiji network can localize
the massive BBH with AQg < 0.005 deg® and Ad, /d, < 0.5% (see Fig. 2)
[8]. In this case, the GW source is an equal-mass BBH with total intrin-
sic mass M = 10° M, and redshift z = 1. The LISA-Taiji network has the
ability to narrow the source localization region by about four orders of
magnitude in comparison to a single detector, and the conclusion re-
mains valid for the scenarios of M = 10M, and M = 10’ M, [8]. For
massive BBHs with different inclination angles and sky positions, the
LISA-Taiji network can still provide great improvement on the local-
ization accuracy. Fig. 3 shows the variation of the angular resolution
AQ, (left panel) and the luminosity distance uncertainty Ad; /d; (right
panel) with redshift for Taiji and the LISA-Taiji network. For a fixed
redshift in the figure, the median value and the 1o uncertainty range
are calculated from 10,000 simulated equal-mass BBHs with fixed total
intrinsic mass M = 10° M, but random inclination angles and sky direc-
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tions. Assuming a uniform distribution of galaxies in comoving volume
with a number density of 0.02 Mpc™3, the LISA-Taiji network has the
capability to identify the host galaxy of the massive BBH with a total in-
trinsic mass of M = 103 M, when satisfying the redshift z < 0.75 [8]. It
is estimated that the host galaxies of massive BBHs with M = 10°M
and M =10"M, can be identified for z < 0.96 and z < 0.45, respec-
tively. Furthermore, for unequal-mass BBHs with component masses
(107,3.3 x 106 M, (10%,3.3 x 10°)M, and (10°,3.3 x 10*)M,,, the LISA-
Taiji network can improve the angular resolution by more than one or-
der of magnitude compared to individual LISA or Taiji [23]. In addition
to the LISA-Taiji network, the LISA-TianQin network can also bring com-
parable improvement on localization accuracy of massive BBHs, and it
will be further improved by several times with the network of all three
detectors [24,25,27].

Although the Fisher information matrix approach is convenient for
statistical analysis of parameter uncertainties, it is only effective for a
GW signal with large SNR. For a single detector, the approach cannot
always provide reliable estimations of parameter uncertainties [25].
Therefore, some authors produce the posterior of parameters through
the Bayesian inference to compare the localization accuracy of a single
detector and a network of detectors [25,28]. The posterior samples of
parameters can be given by many sampling method, such as Markov-
chain Monte Carlo method [29] and Nested sampling method [30]. For
more massive MBHBSs, the results in Ref [25]. indicate that the network
of multiple detectors can improve the angular resolution by up to a few
orders of magnitude and the luminosity distance uncertainty by up to 1
order of magnitude, which is consistent with the conclusion inferred by
Fisher information matrix. Moreover, according to the Bayesian analy-
sis for MBHBs with masses at orders of 10°M and ecliptic latitude at
{30°,60°,90°}, a network of detectors is capable of improving the angu-
lar resolution by 1 order of magnitude [28]. In the special case of 60°,
the improvement can even reach 4 orders of magnitude.

2.2. Localization accuracy of galactic binaries

Numerous compact binaries in the Milky Way are also potential
sources of space-based GW detectors [6,12,14]. The components of these
GBs can be neutron stars, white dwarfs and stellar-mass black holes.
The GBs emit continuous and nearly monochromatic GW signals which
are highly overlapped in the sensitive band of space-based GW detec-
tors. Although most of the signals form an unresolved foreground for
the detectors, it is expected that tens of thousands will be individually
resolved with source parameters [31-33]. Moreover, electromagnetic
observations have confirmed the existence of some GBs known as “ver-
ification binaries”, which provides guaranteed sources for joint gravi-
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tational and electromagnetic observations [34]. The Fisher information
matrix approach can also be used to estimate the localization accuracy
of the resolved GBs. Due to the differences of the arm length and the
motion of detector, LISA and Taiji has better localization accuracy and
better sky coverage for the sources emitting GW signals at 1 mHz and
10 mHz, while TianQin has a better performance on the sources emitting
GW signals at 100 mHz [35]. The network of the two or three detectors is
capable of improving the precision of sky localization for signals within
the frequency range of 1 — 100 mHz by a factor of 2 to 10 compared to
a single detector, while also expanding the sky coverage for the angular
resolution [23,35,36].

2.3. Cosmological implication in GW sirens

The better distance and sky localization determination in the net-
work [8,27,36] will facilitate the cosmological implications, such as the
GW sirens [37-39]. The GW siren method for distance measurement
can be classified into two categories, namely the bright [1,40] and dark
[41-43] sirens. The former relies on the EM counterpart observations
to get the redshift information of the host galaxies. Due to the existence
of the gas rich accretion disk, we do expect the EM counterpart flare
from the massive BBH, for which can be used as the bright siren [40].
Even in the case that the flare is too faint or the jet does not point to
us, we can still use the statistical method to infer the redshift of the
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host galaxy, i.e., the dark siren method. There are various ways to infer
the redshift, the “statistical galaxy catalog method” is one of the most
faithful method [44]. The advantage of the dark siren with respect to
the bright siren is that the former is much less expensive. It does not ask
for the follow-up monitoring at all, but only the existence of the galaxy
catalogs in the targeted sky area. The dis-advantage of the dark siren
is that the redshift is completely degenerate with the distance without
knowing the Hubble parameter. Hence, for single dark siren system, the
distribution of the Hubble parameter posterior is multi-peaked. In or-
der to have an accurate estimation of the Hubble parameter, we need
to combine many dark siren systems. As shown in Fig. 4, the network
of LISA-Taiji (wrt. Taiji-only) can significantly improve the numbers of
good GW sirens, whose distance determination errors are less than 5%
[37]. For GW sirens, the gravitational lensing is an unavoidable error
for the distance measurement [45-47]. As shown in [37], one can see
that without considering lensing noise the LISA-Taiji network could de-
tect the events with distance error < 5% all the way up to z ~ 8. Once,
we considered this noise, the corresponding redshift reduces to z ~ 1.2.
For bright sirens, the LISA-Taiji network could double the detected event
numbers wrt. Taiji-only [38]. As shown by [48], in fact the counterparts
detectable by LSST are always detectable by SKA + ELT. The number of
LSST counterpart detections is around 1. According to the calculation
in [39], within 5 years observation of massive BBH GW events by LISA,
the number of the radio counterparts observed by SKA is 34; the num-
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Fig. 4. The simulated merger event rate distribution of massive BBHs in
redshift and chirp mass within 5-year observation time of the LISA-Taiji
network and Taiji-only mission. Red diamonds (¢, /H, < 0.5%), yellow stars
(0.5% — 1%), green squares (1% — 5%) as well as blue circles (> 5%) are the classi-
fied dark sirens according to their Hubble parameter estimation accuracies. The
filled blue spots are the unqualified dark sirens whose possible host galaxy num-
bers are more than 10° due to the poor sky localisation. The background grey
contours are the theoretical massive BBH merger event rate distribution. The
first column are the results in the LISA-Taiji network, while the second column
are for the Taiji-only case. The first, second and third rows are the predictions
from 3 different massive black hole models, namely PoplIl, Q3d and Q3nod,
respectively. These plots are from Ref [37]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

ber of the optical observations with ELT of SKA counterparts hosts is
28. For 5 years of observation of the LISA-Taiji network, the number
of SKA +ELT counterparts is around 58 (if the average improvement of
localization is 100 times the number is 83) [39]. Besides the Hubble
parameter estimation, the network can also tell the black hole forma-
tion mechanism [49]. In particular, the joint network has the potential
to observe growing light seeds in the range 15 < z < 20 while a single
detector can hardly see, which would shed light on the light seeding
mechanism.

3. Testing parity violation

In this section, we discuss the correlation analysis for SGWBs with
space detector networks, paying special attention on the measurement
of their Stokes V' parameter. As in the case of electromagnetic waves, the
Stokes V' parameter is defined as the asymmetry between the right- and
left-handed circular polarization modes and is closely related to parity
violation processes.

Currently, these are many theoretical scenarios for generating chiral
asymmetries (V # 0) for SGWBs, including those with the Chern-Simons
term (see e.g., [50-55]). With its high transparence, a SGWB could be
an important fissile from the early universe, and an observational con-
firmation of its chiral asymmetry would have a considerable impacts on
cosmological studies. Considering the observed isotropy of our universe,
we set the monopole components of SGWBs as our primary target in the
following.
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3.1. Monopole pattern

We decompose the metric perturbation induced by SGWB in terms
of Fourier modes as

h(1,x) = Z / " df / _dn hp( fnyel (n)e?r i/ (mx=n,
-0 S

P=R,L

()

Here the unit vector n represents the wave propagation direction and the
two tensors e®-L(n) show the right- and left-handed circular polarization
bases. They are given by the linear polarization bases et (the plus and
cross modes) as

o — (et +ieX) ol — (et —ieX)
V2 V2

As mentioned earlier, our main target here is the isotopic compo-

nents of the background. We have two relevant modes, corresponding

to the Stokes I and V parameters. They are related to the mode spectra

as
((hR(fn)hR(f’n’)*) + <hL(f")hL(f’n’)*>> _ < )
(hp(fmhr(f'n')*) = (h (fm)h (f'n')*)

with the Delta functions [56]. In Eq. 7, the parameter I is given as the
sum of the right- and left-handed waves, representing the total intensity.
On the other hand, the parameter V' characterizes their asymmetry. The
other two Stokes parameters Q and U do not have monopole modes,
as they are related to linear polarization (introducing specific spatial
direction). Using the normalized energy density Qgw(/f) and the priori-
tization degree I1(f), we can put

©)

S S5 p1
4

I(H)

7
V(f) @

_Pe

Pe
1) =—— prye

472 f3

Qow(f), V()= Qew (HIS) ®

with the critical density of the universe p,.
3.2. Correlation analysis
Next, let us consider a detector a (at the position x, with the detector

tensor d,) under the low frequency approximation. In the Fourier space,
its reaction to the SGWB can be expressed as

h(f)= Y

P=R,L

/ dnhp(fn)d, : eP)e?i/mxa ©)
with the colon : for the double contraction of the two involved tensors.
Then we consider another noise independent interferometer b and take a
correlation product (4,(f)h,(f")*) = Cyp(f)8 ;1. Using Egs. 6,7 we have

Cup(f) = 8?” [71asDI) + 1y ap(NV (). (10)

Here y,,, and yy,, are called the overlap reduction functions, respec-
tively showing the sensitivity to the I and ¥ modes. After some algebra,
we have

5 ifn(x,—
Yian(f) = 5/dn(F;-F;r_,_F;<Fb><)eszn(xa xp)

—5i

. (11)

rvan(f) = dn(F} F) = F)XF)e/mxa=)
with the standard beam patter functions (F,”*(n)=d, : e**(n)) as
[56-58]. We discuss the these overlap reduction functions for the LISA-

Taiji and LISA-TianQin networks in the following two subsections.
3.3. LISA-Tdiji Network

The LISA-Taiji network has an interesting geometrical symmetry
[59]. In addition, a triangular detector like LISA has an internal sym-
metry at composing orthogonal data sets. By suitably combining these
two symmetries, we can use the LISA-Taiji network as an attractive tool
to explore the parity properties of a SGWB (see also [60-62]).
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Fig. 5. The global geometry of the LISA-Taiji network. The two detector planes are tangential to a fixed virtual sphere of radius R. = 2R/ V3R g = la.u.: the
Sun-Earth distance). The orbital phase angle is A9 = 40°, corresponding t o the opening angle = 34.46° measured from the center of the virtual sphere.
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Fig. 6. (Top) Orientation of the two effective L-shaped interferometers A
and E on the detector plane. By taking their linear combination Eq. 12, we can
virtually rotate them with the new data channels (Ay, Ey). (Bottom) By using
the freedom of the rotational angle ¢, we can align the interferometer A with
respect to the great circle on the virtual sphere.

As shown in Fig. 5, the detector plane of LISA is tangential to a vir-
tual sphere of radius R = 2/\/§RE =1.15 a.u. (Rg =1 a.u.: the Sun-
Earth distance). We have two options for the orientation of Taiji’s de-
tector plane. If we take the standard choice, Taiji is also tangential
to LISA’s virtual sphere (see Fig. 5 and also [63,64]) From the cen-
ter of the sphere, the two detectors are separated by the angle g =
2Si11_1[\/§ sin(A0/2)/2])) = 34.5° for the orbital phase difference Af =
40°. Since a sphere is highly symmetric, it will greatly help us to fig-
ure out the underlying geometrical structure of the network.

Here we mention the additional symmetry of the system. From a
LISA-like triangular detector unit, we can compose three noise orthog-
onal data A, E and T [65]. The T mode is much less sensitive in the fre-
quency regime relevant for our study. Due to a systematic cancellation,
we cannot probe the monopole components of a SGWB by correlating
these modes. As shown in Fig. 6, in the low frequency regime, the A and
E modes correspond to a pair of two L-shaped interferometer with the
offset angle 45°, composing a symmetric base system. Importantly, by
taking their linear combinations,

Ay =Acos2¢ + Esin2¢, Ej,=—-Asin2¢ + E cos2g, (12)

we can effectively rotate the two interferometers by the angle ¢ (see
Fig. 6).

Now we couple this internal symmetry with the virtual sphere of
the LISA-Taiji network. We can align the orientation of the effective L-
shaped interferometers by using the great circle (geodesic) that connects
LISA and Taiji on the sphere (see Fig. 6). We put the resultant effective
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Fig. 7. Signal-to-noise ratios for the I and ¥ modes with f , =10 mHz
and T,;, = 10 yr. We set Qg (f) = 10! and T1(f)Qqy (f) = 10-!! for the back-
ground spectra.

interferometers simply by A and E for LISA, and A’ and E’ for Taiji.
Then, because of the mirror symmetry of the pairwise interferometers
with respect to the plane containing the great circle (and the center of
the sphere), we can readily find that the combinations AA’ and EE’
are sensitive only to the parity even components (i.e yy 44 = ypppr =
0). We similarly find y; 4r = yjapr = 0and yy g4 = ¥y 4 - Furthermore,
we can directly use the analytical expressions for the overlap reduction
functions derived originally for the ground based detectors [10,57,58].
For example, we have

_ T SR
wew) = ryap (5 =sin 5[ (<ii+ g5 ) + (51 + 303 )eosp]  (13)
with the spherical Bessel function j;(y) and its argument

y=nfc  Resin(A0/2).
We can now evaluate the signal-to-noise ratios SNR;;, with the
LISA-Taiji network, using standard expressions for the correlation anal-

ysis
5 167 \2 fmo (2 V()P
SNR? = (—) T, 2/ df—tAd " TIEEL 7 | (14)
5 Jrin FESLUNS()
SNRZ = (16_”)2T z/fm ay oasV U7 (15)
VNS T T eSSy |

Here S, (f) and Sp(f) represent the noise spectra of LISA and Taiji,
and we are assumed to use the frequency regime [ fi,in» fmaxl- In Fig. 7,
we show our numerical results for flat spectral models Qgy = 107!
and TIQgy = 107!, The step-like patterns are mainly caused by the
frequency dependence of the overlap reduction functions, indicating
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that the importance of the contribution around 2-3mHz. If we require
the minimum signal-to noise ratio 10, the detection threshold is Qg
~7x 10713 and QgwIT ~ 1.6 x 1072 for a ten year correlation analysis.

3.4. LISA-TianQin network

Unlike the LISA-Taiji network (with the overlapped contact sphere),
the LISA-TianQin network [63,66] does not have a global geometrical
symmetry. While we can still use the internal symmetry of a triangle
detector to simplify some of analytical expressions [63], the parity de-
composition with the great circle alignment is now inapplicable. How-
ever, since the relative configuration of LISA and TianQin changes with
time, we can effectively obtain the correlation products for many net-
work geometry. By taking their appropriate linear combinations, we can
algebraically separate the two parity components I and V.

If we want to decompose not only the two tensor components but
also relevant vector and scalar components [61,67], this network might
be advantageous, in comparison of the number of the independent cor-
relation products and that of the target polarization components.

4. Subtraction of the galactic foreground

According to current models and observations, our Milky Way hosts
a large number of ultracompact binaries that emit GWs in the millihertz
frequency range [68-71]. The GWs from more than 20 million GBs will
enter the space-based GW observation band simultaneously [72-75].
Those binaries are in the inspiral phase, millions of years before merger
[70,76]. It means that the continuously emitted GWs will overlap, re-
sulting in a foreground signal for space-based detections [68,69,77-85].
Only a few tens of thousands of them are bright enough for data analysis
to be subtracted with LISA/Taiji [74,81,82,84-92]. The rest are unre-
solvable, forming an effective noise, known as ‘foreground confusion’
or ‘confusion noise’ [82]. The foreground confusion provides the dom-
inant part of the noise in the frequency range of 0.5 mHz to 3 mHz
[81,82,85], which will affect the detection of other GW sources [93].
Studying the evolution and distribution of GBs within our Milky Way
using foreground GW signals is one of the primary scientific objectives
of LISA/Taiji [6,73,76,80,94-97]. Known from electromagnetic obser-
vations, about 40 verification binaries are expected to enter the mHz
band, which can be used to evaluate the performance of the mission
[74,98-103]. The GW detection in a network will aid in the subtraction
of GB signals and suppression of foreground confusion [104].

Many studies have been conducted on the foreground GW sig-
nals from GBs in the mHz band since LISA was proposed [69-73,77-
81,83,84,95,105]. In Ref [81]., the authors investigated the GB signals
with the new LISA design updated in 2016. The catalog of the GBs they
used contains about 26 million sources in our Milky Way [106]. The
iterative procedure proposed in Ref [79]. was employed to subtract the
bright sources and estimate the residual confusion noise for various ob-
servation times, including 7,,, = 6 months, 1 year, 2 years, and 4 years.
Approximately 29,000 thousand GBs are marked as ‘resolvable’, whose
signal-to-noise ratio > 7 for a 4-year observation. The analytic fit for the
residual confusion noise was obtained, see Eq. (3) in Ref [81]. Most GBs
are resolvable at the frequency of 2 to 3 mHz. During the procedure, it
is assumed that the resolvable sources can be subtracted without any
residuals. However, in real-world data analysis, inaccurate removal of
these sources can introduce errors in parameter estimation [93].

In Ref [82]., the updated GB catalog, which includes approximately
29.8 million sources [75], was utilized to develop the methodology for
estimating the confusion noise. The authors used a new analytical form
to fit the foreground confusion at signal-to-noise ratio thresholds of 5
and 7 for observation time T,,, = 0.5, 1, 2, 4, and 6 years:

S,(f) = %f’7/3e’(f/fl)a(l +tanh ((funee = £)/12))-

The fitting parameters A, @, f|, finee» and f, can be found in Table II
in Ref [82].They found that different methods for smoothing the power

(16)
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spectral density yielded different results. Under a 4-year observation
and with a signal-to-noise ratio threshold of 7, the number of resolv-
able sources with LISA is either 22,951 or 25,025, depending on the
smoothing method utilized.

The authors of Ref [84]. revisit this problem by employing an obser-
vationally driven population of GBs that differs from the previous popu-
lation based on binary population synthesis. The observationally driven
population yields about 26 million GB sources in LISA band with 60,000
of them being resolvable and a significantly different shape of the fore-
ground confusion. The number of resolvable sources is 2 — 5 times that
of the binary population synthesis model.

In Ref [107]., the iterative procedure has been expanded to account
for the effect of the detector orbiting the Sun, which causes the fore-
ground confusion noise to vary throughout the year.

The mission design of Taiji is similar to that of LISA, but with
slightly better sensitivity, allowing Taiji to extract foreground signals
more effectively [6,11]. In Ref [85]., the same catalog of 29.8 mil-
lion GBs [75] used in Ref [82]. was used to study foreground sig-
nals and confusion noise for Taiji. The foreground confusion for Taiji
is estimated and fitted in the logarithmic scale by a polynomial func-
tion with observation times of 6 months, 1 year, 2 years, and 4

)

The fitting parameters g; can be found in Table I in Ref [85].Tak-
ing into account foreground confusion noise, Taiji’s full sensitivity
curve is slightly lower than LISA’s at frequencies below 0.8 mHz
and around 2 mHz. With Taiji for a 4-year observation time, 29,633
sources are resolvable (signal-to-noise ratio > 7). All the GBs that are
resolvable with LISA can also be resolved with Taiji. Additionally,
Taiji can subtract ~20% more GB sources that have a distribution
in the Milky Way consistent with that of the resolvable sources with
LISA.

The ideal subtraction assumption above yields a theoretical, opti-
mistic estimate. The actual subtraction capability of the detection de-
pends on the data analysis methods that are implemented. To remove
foreground signals in space-based detections, a number of data process-
ing methods have been proposed. Most of the algorithms are based on
Markov Chain Monte Carlo [89,91,108-111], some are based on swarm-
based algorithm [92,112-114], and others utilize Gaussian process re-
gression and genetic algorithm [115-117], etc.

Subtraction of the galactic foreground will also benefit from net-
work observations. The authors of Ref [104]. investigated resolving
GB signals with the network of LISA and Taiji-mod. The ‘Taiji-mod’ is
a simplified concept of Taiji, in which they put another LISA in the
place of Taiji to simulate the real Taiji. So, the arm length and noise
model of Taiji-mod are the same as LISA’s. The iterative subtraction
method they used is based on the particle swarm optimization algo-
rithm. For their GBSIEVER algorithm [113], they compared the network
with the individual detection. They found that the LISA-Taiji-mod net-
work can subtract ~ 75% more sources than a single LISA. Network ob-
servation allows for reducing residual confusion noise to a level below
what is achievable with a single detector. This implies that network
detection has a promising future in galactic foreground subtraction. Be-
sides, the Fisher matrix analysis for parameter estimation may be in-
sufficient in the multi-source GB resolution problem for the extrinsic
parameters.

The space-based detectors will have the potential to detect circumbi-
nary exoplanets orbiting double white dwarfs. This topic is discussed in
Refs [118-121]. for LISA and Ref [122]. for LISA and Taiji.

Ref [123]. recently reported that stellar-mass black hole binaries
could be detected using space-based detectors and their network. The
results indicate that the LISA-Taiji network can detect approximately 10
such binaries, thereby demonstrating the potential for multiband grav-
itational wave observations in the future.

5

o

i=0

S.(f) = eXp< arn

mHz
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5. Improvement on the number of detectable BBHs

The merging processes of stellar BBHs include the inspiralling stage
at early time with GW radiation in the low-frequency band (~ 10~* —
1 Hz) and the final merger with GW radiation in the high-frequency
band (~ 10 — 1000 Hz). The ground-based GW observatories LIGO/Virgo
have detected about 90 mergers of stellar BBHs. A number of such BBHs,
inspiralling in the low-frequency band before their final merger, are
expected to be detected by space borne GW detectors, such as LISA,
Taiji, and TianQin, which will enable multiband observations of GWs
[124-126]. The low-frequency observations provide important infor-
mation in advance on when and where a BBH merger will occur for
high-frequency GW observations and multiwavelength electromagnetic
observations. The multi-band GW observations of stellar BBHs are also
helpful for understanding the formation mechanism of stellar BBHs and
their cosmic evolution, and precise test of gravity theory, etc. To realize
the potential of multi-band GW observations in practice, it is crucial to
have a sufficient number of stellar BBHs being detected by the space
borne low-frequency GW detectors, such as LISA, Taiji, TianQin, as well
as the network composed of these detectors. Below we mainly consider
LISA, Taiji, and the LISA-Taiji network for demonstration purpose.

To estimate how many stellar BBHs can be detected by the low-
frequency GW detectors, we generate mock stellar BBH samples accord-
ing to the cosmic evolution of the BBH merger rate similar as that in
[126,127]. We adopt the merger rate density of stellar BBHs given by

d’N ,_ _ .
, m(z = 0)(1 + z)¥ with the
6

local merger rate density of %(z =0) = 19.173%Gpc=3 yr~! and red-
shift evolution slope of k¥ = 2.7 [128]. We adopt the fiducial power law
plus peak model for primary mass and mass ratio distribution given in
[129] (see the Power Law + Peak (PP) model therein). We generate 100
realizations for stellar BBHs and then estimate the SNR for each mock
stellar BBH in each realization by the observations of LISA, Taiji, or the
LISA-Taiji network over a period of either 4 or 10 years. We define a
stellar BBH as a “detectable” one if its SNR > 8 regarding to either LISA,
Taiji, or LISA-Taiji. For different realizations, the expected number of
“detectable” stellar BBHs are different. We rank the 100 realizations ac-
cording to the expected number of “detectable” stellar BBHs from small
to large, and take that with 50th rank as the representative one.
Assuming a fixed observation period of 4 years, we find that LISA,
Taiji, or LISA-Taiji may detect 3 — 15, 5 — 24, or 15 — 58 stellar BBHs
with consideration of the uncertainty in the local merger rate den-

2
LE(z=0)=
19.1Gpc=3 yr~!, then the expected number of “detectable” stellar BBHs
is 6, 14, and 32 for LISA, Taiji, and LISA-Taiji, respectively, according to
the 50th realization generated for this model. We show the distributions
of the observed initial frequency and redshifted chirp mass for those “de-
tectable” stellar BBHs in Fig. 8. As seen from this figure, none of the 6
stellar BBHs detected by LISA can merger within 4 years and only 1 can
merger within 20 years; 3 of the 14 BBHs detected by Taiji can evolve
to high-frequency band and merger within 4 years, and 8 of them can
merger within 20 years; 3 or 17 among the 32 stellar BBHs detected by
LISA-Taiji can merger within 4 or 10 years; 9 stellar BBHs have coalese-
cence time longer than 100 years. The number of “detectable” stellar
BBHs increases by a factor of ~ 2 — 5 comparing with those expected by
Taiji or LISA individually.

If extending the observation time to 10 years, then the expected num-
ber of “detectable” stellar BBHs increases to 33, 56, or 132 for LISA,
Taiji, or LISA-Taiji according to the 50th realization from the model with
%(z =0)=19.1Gpc3 yr~!. We show the observed initial frequency
and redshifted chirp mass of the “detectable” mock stellar BBHs for this
case in Fig. 9. As seen from this figure, LISA can detect many more
stellar BBHs than the case shown in Fig. 8 but again none of them can
merge within 10 years; Taiji can detect about 8 stellar BBHs that can
merge within 10 years; while LISA-Taiji can detect 24 stellar BBHs that
can merge within 10 years. Apparently, the network by combining LISA

the current LIGO/Virgo observations, i.e.

sity constrained by LIGO/Virgo observations. If adopting
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and Taiji may improve subtantially the detection rate of stellar BBHs
in the low-frequency band and enable the multi-band studies of a sub-
stantial number of stellar BBHs, which greatly enhances the potential of
multi-band observations.

We calculate the parameter estimation accuracies for those “de-
tectable” stellar BBHs by LISA, Taiji, and LISA-Taiji, via the Fisher In-
formation Matrix method. Figs. 10,11 show the sky localization areas
and the relative errors of luminosity distance measurements for those
stellar BBHs detected by LISA, Taiji, and LISA-Taiji, via the observa-
tions with a period of 4 and 10 years, respectively. Assuming an ob-
servation period of 4 years (see Fig. 10), LISA or Taiji may localize
the “detectable” BBHs in sky areas ranging from ~ 8.1 to 190 deg? or
~0.33 to 200 deg’. LT may localize the “detectable” BBHs in sky ar-
eas in the range of 0.22 — 190 deg?. For the common sources detected
also by either LISA or Taiji, the localizations by LISA-Taiji are a fac-
tor of ~ 3 or ~ 2 better than those obtained by using LISA or Taiji data
only. The relative errors of luminosity distances detected by LISA or
Taiji both ranges from ~ 0.05 to 0.1. LISA-Taiji measure the luminosity
distances with relative errors in the range of 0.04 — 0.09. For those com-
mon sources detected also by either LISA or Taiji, LISA-Taiji gives the
luminosity distance measurements slightly better than those obtained
by using LISA or Taiji data only and the improvement factor is ~ 1.3.
Similarly, LISA-Taiji may also help improving the measurement accu-
racy for M, and 5 as well. LISA or Taiji could measure M, with relative
errors in the range of 2.4 x 10~ — 1.5x 10~ or 8.6 x 107 — 2.2 x 10~
and 5 with relative errors in the range of 0.24 — 1.6 or 0.0061 — 2.2.
LISA-Taiji may measure the redshifted chirp mass with relative errors
in the range of 7.1 x 10~7 — 3.0 x 10~* and symmetric mass ratio with
relative errors in the range of 0.005 — 2.8. If alternatively assuming an
observation period of 10 years (Fig. 11), LISA, Taiji and LISA-Taiji may
localize the detectable BBHs in sky areas in the range of 0.52 — 210 deg?,
0.12 — 260 deg?, and 0.07 — 240 deg? respectively; LISA, Taiji, and LISA-
Taiji may measure the luminosity distances with relative errors in the
range of 0.032 — 0.10, 0.026 — 0.10, or 0.028 — 0.12, measure the red-
shifted chirp masses with relative errors in the range of 1.5x 1076 —
1.1x1074,3.7%x 1077 — 1.0x 107, or 1.7x 1077 — 1.5 x 107*, and mea-
sure the symmetric mass ratios with relative errors in the range of
0.011 — 1.3, 0.0027 — 1.2, or 0.0016 — 2.0. The reason for the slight im-
provements by the network in localization and parameter estimations is
mainly due to the enhancement of the SNRs for those sources.

In conclusion, the joint observations of LISA and Taiji may detect
about several tens to a hundred stellar BBHs within an observation pe-
riod of 4 — 10 years, a factor of 2 — 3 times of those obtained by using
the observations by LISA or Taiji only in the same period, mainly due
to the SNR enhancement and consequently the enlargement of the hori-
zon for detection. Among these BBHs detected by LISA-Taiji, a few to
twenty BBHs can merger within the observation period, which enables
the multi-band GW observations and may realize the potential of multi-
band GW observations in pre-warning of the high-frequency GW and the
electromagnetic observations, understanding the formation mechanism
of stellar BBHs, testing the gravity theory, etc. Combining the observa-
tions of LISA and Taiji may also improve the localization and measure-
ment accuracy of the system parameters, though the improvement is not
as much as that for massive binary black holes.

6. Alternative networks

Beyond the fiducial LISA-Taiji and LISA-TianQin networks discussed
in the previous sections, alternative networks could also be formed by
planned detectors, especially for the LISA-Taiji network. The TianQin
mission will deploy three spacecraft in a geocentric orbit with a semi-
major axis of ~ 10> km, and the constellation will face to a binary white
dwarf, J0806.3 + 1527, as a reference source [13]. Therefore, the fidu-
cial case should be solo option for the LISA-TianQin or Taiji-TianQin
network. The LISA/Taiji missions will employ an Earth-like heliocen-
tric orbit, and its constellation will be located at ~ 20° (~ 5.2 x 107 km)
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Fig. 8. The initial observed frequencies and redshifted chirp masses of mock stellar BBHs resulting from a realization that can be detected by the LISA-
Taiji (LT) network, LISA, and Taiji, respectively. Left, middle, and right panels show those mock stellar BBHs being detected by the LISA-Taiji network with SNR
oLt > 8, by LISA with ¢; > 8, and by Taiji with o1 > 8, respectively, over an observation period of 4 years. The color of each symbol marks the SNR of the source as
indicated by the side colorbar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(LT) network, respectively (shown in Fig. 8). Left panel shows the sky localization errors (90% confidence level) and the relative errors of luminosity distance
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Fig. 12. Diagrams of the LISA and alternative Taiji mission orbit deployments. The left plot shows the LISA mission, which trailing the Earth by approximately
20° and is inclined by +60° with respect to the ecliptic plane. The Taiji-p leads the Earth by ~ 20° and is inclined by +60°. The Taiji-c is colocated and coplanar with
LISA. The right panel shows the LISA and Taiji-m, which leads the Earth by ~ 20° and —60° inclined. The angle between the LISA and Taiji-m constellation planes is
~71°, and the angle between LISA and Taiji-p formation planes is ~ 34.5° (recreated from [26]).

from the Earth [6,11]. This separation is a practical compromise be-
tween reducing Earth’s gravitational perturbation and the launch vehi-
cle, telemetry capabilities [130]. The constellation plane is designed to
be 60° inclined with the ecliptic plane to achieve stable interferometer
arms in the Clohessy-Wiltshire framework [131].

The LISA will trail the Earth by 20°, and the formation plane is +60°
inclined. Since the Taiji orbit configuration is still not fully determined,
its location and orientation could be adjusted to form different networks
with LISA. Three alternative LISA-Taiji networks are introduced by al-
tering the location and orientation of the Taiji in [26,64],

(a) Taiji-p (fiducial case), which leads the Earth by ~ 20° and the
formation plane is +60° inclined as the LISA.

(b) Taiji-c, which is co-located and coplanar with the LISA.

(c) Taiji-m, which leads the Earth by ~ 20° and the formation plane
is —60° inclined.

And the three Taiji orbital configurations are shown in Fig. 12. There
also could be another Taiji orbit which trails the Earth by ~ 20° as LISA
but with —60° orientation. And this case is ignored since it loses both the
long baseline pros for the compact binary observation and full correla-
tion with LISA for the SGWB observation. The launch budget for these
three Taiji deployments should be identical/comparable, and the ob-
servation achievement should not be (statistically) different from each
other. Without considering the restriction of 20° separation from the
Earth, [25] examined more exhaustive Taiji orbit deployments to form
the LISA-Taiji networks.

Compared to a single detector, the joint observation will promote the
SNR of GW detections by a factor of ~ 1/Ng,, where Ny, is the number
of detectors (with comparable sensitivities), and the joint SNR will be
p?oim = Zi’idf‘ p*. Ref [26]. evaluated the SNRs and angular resolutions of
sky localization from three LISA-Taiji networks by simulating massive
BBH population with fixed masses (m, = 10° My, m, = m, /3) at redshift
z =2 and randomly and uniformly distributed sky directions, and the
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results are shown in Fig. 13. Considering the Taiji is more sensitive than
the LISA, the SNRs (in the last month before coalescences) obtained by
the networks are more than ~ \/5 times higher than the single LISA as
shown in the left panel. The distribution of SNRs from the joint LISA
and Taiji-m observations are more concentrated compared to the other
two networks, and the reason is that the Taiji-m could compensate for
the LISA’s insensitive direction, and their joint response function would
be more isotropic to all sky directions.

On the other hand, although the SNRs from the three networks are
comparable, their capabilities of sky localization are rather different
[25,26]. The first reason is that the larger separation between LISA and
Taiji-p/-m could improve the resolution of sky localization, and the sec-
ond reason is that the different orientations will have different antenna
patterns which yield different impacts on the direction determinations.
Benefiting from these two factors, as shown in the right panel of Fig. 13,
the joint LISA and Taiji-m observations have the best performance on
the sky localization for the sources and could improve the accuracy by a
factor of ~3 orders compared to the LISA. The capability of LISA-Taiji-p
is slightly worse than LISA-Taiji-m due to the suboptimal orientations,
and the LISA-Taiji-c only improves the sky localization by a factor of ~2
attributed to the increase of detectors.

By employing the LISA-TianQin and alternative LISA-Taiji networks,
[25] investigated the joint observations of the massive BBH from light
seed (poplll) and heavy seed (Q3_nodelay) which simulated in [132].
The capability of the LISA-Taiji-p/LISA-Taiji-m would be comparable to
the LISA-TianQin to localize the BBH for the light seed scenario, and its
performance become better than the LISA-TianQin for the heavy seed
case because Taiji has a better sensitivity than the TianQin in the lower
frequencies.

Beyond tensor polarization observations, the polarization of scalar
and vector modes could also be better observed/constrained by the LISA-
Taiji network. By employing the parametrized post-Einsteinian (ppE)
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formalism developed in [133,134], the determinations of the ppE pa-
rameters are examined in [26,135]. And the results show that LISA-
Taiji-m would have the best performance in three alternative networks,
and it could refine the amplitudes of scalar and vector polarizations by
~10 times compared to the single LISA.

The SGWB is another targeting GW source for space missions, it may
be identified from the cross-correlation between two detectors by as-
suming the noises are not correlated between the two detectors. The
correlation between detector a and b could be quantified by overlap re-
duction function (ORF) as discussed in Section 3. The normalized ORFs
of three LISA-Taiji networks are shown in the left panel of Fig. 14. As
we can read from the plot, the ORF of LISA-Taiji-c is unity for frequen-
cies lower than ~10 mHz since two detectors are coplanar at the same
location. It means that SGWB observed by LISA and Taiji-c will be fully
correlated, and LISA-Taiji-c will be an optimal network for the SGWB
identification. Due to the separation, D = 1 x 108 km, between LISA and
Taiji-p/-m, their ORFs quickly approach zero around a critical frequency
f. =¢/(2D) ~ 1.5 mHz and oscillate and decay with the increase of fre-
quency [136]. The amplitude of ORF from LISA-Taiji-m is lower than
LISA-Taiji-p in frequencies lower than the critical frequency, and it in-
dicates the former would have the worse capability to observe the SGWB
than the latter in this band.

The power-law integrated sensitivity could be employed to illustrate
the detectability of the power-law SGWB signal [137], and the sensi-
tivities of three network configurations are shown in the right panel of
Fig. 14 [64]. As we can expect, the LISA-Taiji-c is optimal for the SGWB
observation. For the other two networks, the LISA-Taiji-p is more sensi-
tive than LISA-Taiji-m for frequencies lower than ~1 mHz, and the LISA-
Taiji-m becomes more sensitive in the frequency band of ~[1, 8] mHz
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which is also the most sensitive band of the detectors. Their sensitivities
converge in the higher frequency range. Based on their pros and cons at
different frequencies, the performance of LISA-Taiji-p and LISA-Taiji-m
could be moderately/slightly different for a specific sensible SGWB as
investigated in [64].

The BBO and DECIGO are planned to place three constellations on
the Earth-like heliocentric orbit and observe the GW in the deci-Hz fre-
quency band [138,139]. The separation between two constellations will
be \/5 AU, and the formation plane will be 60° inclined with respect
to the ecliptic plane. Benefiting from the long baselines and synergetic
antenna pattern, the parameters of the compact binaries could be well
resolved [138].

7. Conclusion and prospects

The era of mHz GW detections are expected to begin in the 2030s,
when multiple space-based detectors would observe various sources in
the mHz frequency band simultaneously. In this work, we discuss the
benefits of joint observations from space detector networks. These will
offer a number of advantages, including

» More precise localization of GW sources, which will be essential for
understanding their astrophysical origins.

» Improved tests of relativistic gravity, including measurements of GW
polarization and the possible rotation of the cosmic polarization vec-
tor.

* Better determination of the galactic background of GWs, which will
provide insights into the formation and evolution of our galaxy.

» Anincrease in the event rate of GW detections, including both stellar-
mass black hole mergers and massive black hole mergers.
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The alternative LISA-Taiji networks are examined to determine the
best configuration for maximizing the scientific benefits. The Taiji-m
configuration is particalarly promising, and it could be a competitive
configuraiton as the fiducial Taiji-p case. And more specific investiga-
tions should be performed before the Taiji team determines the final
orbital configuration.

The joint observation of space-based GW network would signifi-
cantly improve the determinations of parameters from massive BBHs.
Benefiting from their large separation and complementary orientation,
the parameters of sources would be measured with significant improve-
ment compared to a single detector, especially for the sky localization.
The individual detector orbits around the Sun/Earth which is equivalent
to a multitude of detectors at different positions and times. This would
allow for the identifications of (quasi-)periodical sources’ directions. The
early and quick localization from the network will be crucial for multi-
messenger observation, such as those performed by the ground-based
advanced LIGO and advanced Virgo observations.

The joint network would also be decisive in distinguishing SGWB
from the detection noises. The SGWB encodes important information
about the early Universe and binary population. It would be difficult
for a single detector to separate the stochastic signals from the stochas-
tic noise, especially for an unforeseen spectrum. With joint observations
of independent detectors, similar to the SGWB search employed by the
ground-based interferometers, the common signals could be extracted
from the correlation between two detector’s data. And the physical prop-
erties, for instance, the parity violation, could be tested with the two
detectors.

A network of GW detectors operating in the same frequency band
can increase the efficiency of detections. Moreover, multi-band obser-
vation, either at the same time or at different times, can also increase the
number of detectable events. If the phenomenological model or theoret-
ical template is robust, observations crossing different frequency bands
would tighten the parameter estimation even more effectively. For ex-
ample, with a connected binary inspiral template through mHz, deci-Hz
and deca-Hz frequencies, a network of space GW detectors of LISA, Taiji,
AMIGO, ET and CE will be able to enhance the parameter estimation by
two orders of magnitude [127]. These enhancements will strengthen
the distinguishability of various GW source models, the precision of de-
termination of cosmological models and Hubble constant, and the co-
evolution of star formation, black holes and galaxies.

In addition to the mHz missions, AU-sized arm length interferome-
ters have been proposed to observe the GW in the sub-mHz to xHz band
which includes the ASTROD-GW [140,141], and references therein],
Folkner’s mission [142] u-Aries [143], and LISAmax [144]. The tech-
nologies for these missions are considered to be as ready as that for
the LISA. However, their sensitivity will be limited not only by instru-
mental noises but also confusion foreground from binaries in our galaxy
[145]. Even so, the AU-size interferometers could still be more sensi-
tive than the Gm-sized detectors by a ratio of their arm lengths. With
the low-frequency GW detector(s), the massive BBHs could be routinely
observed, and their distances and redshifts would be unambiguously
determined with multi-messenger observations. The cosmic evolution
achieved from the observation in these frequencies will give input to
the issues of dark energy and dark matter, as well as their evolution.
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