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LISA and Taiji are expected to form a space-based gravitational-wave (GW) detection network in the future. In this work, we

make a forecast for the cosmological parameter estimation with the standard siren observation from the LISA-Taiji network. We

simulate the standard siren data based on a scenario with configuration angle of 40◦ between LISA and Taiji. Three models for the

population of massive black hole binary (MBHB), i.e., pop III, Q3d, and Q3nod, are considered to predict the events of MBHB

mergers. We find that, based on the LISA-Taiji network, the number of electromagnetic (EM) counterparts detected is almost

doubled compared with the case of single Taiji mission. Therefore, the LISA-Taiji network’s standard siren observation could

provide much tighter constraints on cosmological parameters. For example, solely using the standard sirens from the LISA-Taiji

network, the constraint precision of H0 could reach 1.3%. Moreover, combined with the CMB data, the GW-EM observation

based on the LISA-Taiji network could also tightly constrain the equation of state of dark energy, e.g., the constraint precision of

w reaches about 4%, which is comparable with the result of CMB+BAO+SN. It is concluded that the GW standard sirens from

the LISA-Taiji network will become a useful cosmological probe in understanding the nature of dark energy in the future.
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1 Introduction

The precise measurement of the cosmic microwave back-

ground (CMB) anisotropies initiated the era of precision

cosmology [1, 2]. Constraining the standard cosmological

model, i.e., the ΛCDM model, with the high-precision CMB

observations enables cosmologists to have a comprehen-

sive understanding of the evolution history of the universe.

*Corresponding author (email: zhangxin@mail.neu.edu.cn)

However, the accurate measurements also led to some puz-

zling issues. For example, there is a 4.4σ tension between

the H0 values inferred from the CMB observation [3] and

the distance ladder measurement [4]. Essentially, the H0 ten-

sion reflects an inconsistency of measurements between the

early universe and the late universe [5, 6]. In addition to fac-

ing the challenge of the Hubble tension, the ΛCDM model

also has some theoretical problems, such as the “fine-tuning”

and “cosmic coincidence” problems [7-9], which implies that

the ΛCDM model needs to be further adjusted. Therefore,
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the current development of cosmology can be divided into

two main aspects: (i) further extending the standard ΛCDM

model [10-24], and (ii) developing more low-redshift obser-

vation projects aimed at precisely measuring the late universe

[25-29]. For the second aspect, the gravitational-wave (GW)

standard siren method [30, 31] is one of the most promising

options and has been widely discussed [31-64].

The amplitude of GW generated by the merger of com-

pact binary encodes luminosity distance and chirp mass of

the source. The absolute luminosity distance could be ob-

tained if the amplitude is measured precisely, and the chirp

mass could be inferred from the variation of GW frequency.

The relation between luminosity distance dL and redshift z
can be established, once the electromagnetic (EM) counter-

part of a GW source is detected by optical observatories.

Since the dL-z relation is determined by the expansion history

of the universe, cosmological models could be constrained

by this relation. This method is usually referred to as the

“standard siren” method [30, 31]. GW170817 [65-67], the

first detected binary neutron star (BNS) merger event with

an EM counterpart (GRB 170817A), has provided an inde-

pendent measurement of the Hubble constant, giving the re-

sult of H0 = 70+12
−8 km s−1 Mpc−1 [68]. Recently, the event

ZTF19abanrhr [69] reported by the Zwicky Transient Facil-

ity is regarded as a candidate of the first plausible optical

EM counterpart to the binary black hole (BBH) merger event

GW190521 [70]. Chen et al. [71] and Mukherjee et al. [72]

have given the constraints on the ΛCDM and wCDM mod-

els, assuming ZTF19abanrhr is the actual EM counterpart to

GW190521. Even if BBH merger events are expected to have

no EM counterparts, these “dark sirens” could also be used

in cosmological fits using the statistical method discussed in

refs. [73-80].

The potential of standard siren method in constraining cos-

mological parameters has been forecasted in refs. [51-64],

based on future ground-based GW detectors, e.g., Einstein

Telescope (www.et-gw.eu/) [81] and Cosmic Explorer (https:

//cosmicexplorer.org/) [82]. Several mechanisms for pro-

ducing fast radio bursts (FRBs) by the mergers of binaries,

such as charged black holes or neutron stars, are proposed

in refs. [83-88], and subsequently, GW/FRB association sys-

tems as a complementary cosmological probe are discussed

in refs. [89, 90] (see also ref. [91]). The GW sources de-

tected by future ground-based GW detectors are BNSs or

stellar-mass BBHs, which are mainly distributed at z < 3. In

addition, GWs produced by the massive black hole binaries

(MBHBs) with EM counterparts are also expected to serve

as standard sirens [31]. The MBHB standard sirens may be

detected at the redshift up to z � 10 in the future [92], provid-

ing a promising method of measuring the expansion history

of the universe back to a much earlier time. Space-based GW

detection missions have been proposed and implemented to

detect GWs produced by MBHBs.

The Laser Interferometer Space Antenna (LISA) (lisa.

nasa.gov/) [93-97] is a European space-based GW obser-

vatory, with three identical drag-free spacecraft that form

an equilateral triangle with arm length of 2.5 × 106 km.

Taiji [98-100] and TianQin [101-106] are two space-based

GW observatories proposed by Chinese researchers. Taiji is

a LISA-like space-based GW observatory proposed by the

Chinese Academy of Sciences, also with a triangle of three

satellites but with arm length of 3 × 106 km. Some forecasts

for the capability of LISA and Taiji in cosmological param-

eter estimation have been discussed in refs. [107-109]. Mul-

tiple GW observatories can constitute a network to improve

the measurement precision of source parameters [110, 111],

by measuring phase differences and amplitude ratios of GWs

in different detectors. LISA’s orbit is proposed to be at the

ecliptic plane behind the Earth with a 20◦ trailing angle, and

Taiji is planned to be localized in front of the Earth with a

20◦ leading angle, so that LISA and Taiji could form a space-

based network aimed at detecting GW signals within an mHz

range (i.e., 10−4 to 10−1 Hz) [112-118].

Recently, the LISA-Taiji network’s capability of localiz-

ing GW sources was detailedly discussed in refs. [112, 113].

Wang et al. [115] showed that within 5-year operation time,

the LISA-Taiji network is able to constrain the Hubble con-

stant within 1% accuracy via dark sirens. Omiya and Seto

[116] explored the detectability of vector and scalar polar-

ization modes in a stochastic gravitational wave background

(SGWB) around 1 mHz with the LISA-Taiji network. Or-

lando et al. [117] proposed that the chirality of an isotropic

SGWB can be detected by cross-correlating the data streams

of LISA and Taiji. Wang and Han [118] showed that the

LISA-Taiji network could improve the observations on the

anomalous polarization predicted by the theories beyond

general relativity.

In this work, we focus on the LISA-Taiji network’s capa-

bility of improving the constraint accuracies of cosmologi-

cal parameters. We first use the Fisher information matrix

method to estimate the uncertainty of luminosity distance dL,

and then simulate 5-year standard siren data based on the

LISA-Taiji network. Then, we constrain three typical dark-

energy cosmological models, i.e., the ΛCDM, wCDM, and

CPL models, using the standard siren (joint GW-EM detec-

tion) mock data. We mainly analyze the improvement on the

constraint accuracy of equation of state (EoS) of dark energy,

and show that the LISA-Taiji network will play an important

role in exploring the properties of dark energy in the future.

The rest of this paper is organized as follows. In sect. 2.1,

we describe the GW waveform and the detector response. In

sect. 2.2, we describe the Fisher matrix analysis for GW pa-
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rameter estimation. In sect. 2.3, we discuss the identifications

of EM counterparts. In sect. 2.4, we introduce the methods

of simulating the standard siren catalog. In sect. 3, we dis-

play the constraint results and make some discussion. The

conclusion is given in sect. 4. Unless otherwise specified, we

adopt the system of units in which c = G = 1 throughout this

paper.

2 Simulation of standard siren observation

2.1 GW waveform and detector response

The GW signal from the inspiral of a non-spinning MBHB

can be modeled by the restricted post-Newtonian (PN) wave-

form. The GW strain h(t) can be described by two indepen-

dent polarizations h+,×(t) in the transverse-traceless gauge,

h(t) = F+(t; θ, φ, ψ)h+(t) + F×(t; θ, φ, ψ)h×(t) , (1)

where F+,× are antenna pattern functions, (θ, φ) denote the

source’s polar angle and azimuthal angle in the ecliptic

frame, and ψ is the polarization angle of GW. We can sep-

arate the antenna pattern function into a polarization angle

part and a D+,× part that describes the dependence of time,

F+(t) =
1

2

(
cos(2ψ)D+(t) − sin(2ψ)D×(t)

)
, (2)

F×(t) =
1

2

(
sin(2ψ)D+(t) + cos(2ψ)D×(t)

)
. (3)

For the inspiral process, the specific forms of D+,× with

the low-frequency approximation are given in ref. [112],

D+(t) =

√
3

64

[
− 36sin2θ sin

(
2α(t) − 2β

)
+

(
3 + cos(2θ)

)

×
(
cos(2φ)

(
9 sin(2β) − sin

(
4α(t) − 2β

))

+ sin(2φ)
(
cos

(
4α(t) − 2β

) − 9 cos(2β)
))

− 4
√

3sin(2θ)
(
sin

(
3α(t) − 2β − φ) − 3sin

(
α(t)

− 2β + φ
))]
, (4)

D×(t) =
1

16

[√
3cosθ

(
9cos(2φ − 2β) − cos

(
4α(t) − 2β

− 2φ
)) − 6sinθ

(
cos

(
3α(t) − 2β − φ)

+ 3cos
(
α(t) − 2β + φ

))]
, (5)

where α = 2π fmt+κ is the orbital phase of the guiding center,

and β is the initial orientation of the constellation. We simply

set β = 0 in our simulation. The triangular GW detectors with

three arms, such as LISA and Taiji, can be equivalent to two

independent 90◦-interferometers (i.e., “L-shaped” interfer-

ometers). The second interferometer is equivalent to the first

one rotated by π/4 radians. The response functions of the two

interferometers are F+,×(t; θ, φ, ψ) and F+,×(t; θ, φ − π/4, ψ)

[119]. Here κ is the initial ecliptic longitude of the guiding

center and fm = 1/yr. We assume that κ = 0 for LISA and

κ = 40◦ for Taiji, so that the separation angle between LISA

and Taiji is 40◦.
For the sake of describing GW signals in the Fourier space,

the observation time t in eqs. (4) and (5) is replaced by

[120, 121]

t( f ) = tc − 5

256
M−5/3

c (π f )−8/3, (6)

where tc is the coalescence time of MBHB. The Fourier trans-

formation of the strain can be obtained, i.e.,

h̃( f ) = −
(

5π

24

)1/2

M5/6
c

[
(π f )−7/6

Deff

]
e−iΨ. (7)

The effective luminosity distance, Deff , is defined as:

Deff = dL

⎡⎢⎢⎢⎢⎢⎣F2
+

(
1 + cos2ι

2

)2

+ F2
×cos2ι

⎤⎥⎥⎥⎥⎥⎦
−1/2

, (8)

where dL is the luminosity distance to a GW source and ι is

the inclination angle between the orbital angular momentum

and the line of sight. Ψ can be written to the second PN order

as:

Ψ( f ; Mc, η) =2π f t0 − 2φ0 − π

4
+

3

128η

[
ν−5 +

(
3715

756

+
55

9
η

)
ν−3 − 16πν−2 +

(
15293365

508032

+
27145

504
η +

3085

72
η2

)
ν−1

]
, (9)

ν =

(
GπM

c3
f
)1/3

, (10)

where t0 = tc + τ(t) is the coalescence time at a detector.

According to the forward modeling of LISA described in

ref. [122], to linear order in eccentricity, the time delay τ(t)
and the phase φ0 take the forms:

τ(t) = − R
c

sinθ cos(α − φ) − 1

2
e

R
c

sinθ
[
cos(2α − φ − β)

− 3 cos(φ − β)], (11)

2φ0 = 2φc − arctan

(
F×(θ, φ, ι, ψ; t)
F+(θ, φ, ι, ψ; t)

2cosι

1 + cos2ι

)
, (12)

where R = 1 AU, and e is the eccentricity of detector’s orbit.

In the observer’s reference frame, Mc = (1 + z)η3/5M is the

redshifted chirp mass. M = M1 + M2 is the total mass of

MBHB with M1 > M2, and η = M1M2/M2 is the symmetric

mass ratio.



L.-F. Wang, et al. Sci. China-Phys. Mech. Astron. January (2022) Vol. 65 No. 1 210411-4

2.2 Fisher matrix analysis for GW parameter estimation

For a network including N independent detectors, the Fisher

information matrix can be written as:

Fi j =

(
∂h( f )

∂θi

∣∣∣∣∣∂h( f )

∂θ j

)
, (13)

with h being given by

h( f ) =

⎡⎢⎢⎢⎢⎢⎣ h̃1( f )√
S n( f )

,
h̃2( f )√
S n( f )

, · · · , h̃N( f )√
S n( f )

⎤⎥⎥⎥⎥⎥⎦
T

, (14)

where θi denotes nine parameters (dL, Mc, η, θ, φ, ι, tc, φc,

ψ) for a GW event. Here, S n( f ) is the noise power spectral

density. The specific forms of S n( f ) for Taiji and LISA are

obtained from refs. [99,123]. The bracket in eq. (13) for two

functions a(t) and b(t) is defined as:

(a|b) = 4

∫ fup

flow

ã( f )b̃∗( f ) + ã∗( f )b̃( f )

2
d f , (15)

where “∼” above a function denotes the Fourier transform

of the function. The upper limit of the integral is set to

the innermost stable circular orbit (ISCO) frequency fISCO =

c3/(6
√

6πGM) [124], and the lower frequency cutoff is set

to flow = 10−4 Hz. The signal-to-noise ratio (SNR) of a GW

event is given by

ρ2 = (h|h), (16)

and we consider the SNR threshold of 8 in our simulation.

The Fisher matrix of the LISA-Taiji network is the sum of

the Fisher matrix of LISA and the one of Taiji, which can be

expressed as:

Fnetwork = FLISA + FTaiji. (17)

Then, the errors of GW parameters can be estimated by the

Fisher information matrix:

Δθi =
√

(F−1)ii. (18)

In our analysis, we take into account nine parameters (dL,

Mc, η, θ, φ, ι, tc, φc, ψ) in the Fisher matrix. The error of lumi-

nosity distance, ΔdL, and the angular resolution, ΔΩ, could

be calculated by the Fisher matrix. Here, ΔΩ is given by

ΔΩ = 2π|sinθ|√〈Δθ2〉〈Δφ2〉 − 〈ΔθΔφ〉2, with 〈Δθ2〉, 〈Δφ2〉,
and 〈ΔθΔφ〉 being given by the inverse of the 9-parameter

Fisher matrix [125]. Improving the angular resolutions of

GW sources is helpful to identify EM counterparts, so ΔΩ is

important for determining the number of GW-EM events. In

addition, ΔdL could directly affect the constraint accuracies

of cosmological parameters. Therefore, before making a cos-

mological analysis, it is necessary to study the reductions of

ΔΩ and ΔdL made by the LISA-Taiji network.

For the sake of clearly showing the reductions of ΔΩ and

ΔdL, we plot ΔΩ and ΔdL as functions of redshift in Figure 1.

In this figure, we simulate 500 GW events to show statistical

distributions of ΔΩ and ΔdL. We choose κ = 0 for LISA and

κ = 40◦ for Taiji. The mass of MBHs, the sky location (θ,

φ), the binary inclination ι, the polarization angle ψ, and the

coalescence phase φc are randomly chosen in the ranges of

[104, 107]M
, [0,π], [0, 2π], [0,π], [0, 2π], and [0, 2π], re-

spectively. We can clearly see that the LISA-Taiji network

could reduce ΔΩ by several orders of magnitude compared

with the single Taiji mission, which implies that the LISA-

Taiji network could greatly improve the capability of locating

GW sources, and thus could increase the detection number of

GW-EM events. For the uncertainty of luminosity distance,

ΔdL, it is not reduced as much as ΔΩ, but is still reduced by

a factor of a few. We have a more specific analysis on these

aspects in sect. 2.4.

Actually, ΔdL estimated by the Fisher matrix is the instru-

mental error, σinst
dL

. The total measurement error of luminos-

ity distance σdL
also consists of the lensing error, the peculiar

velocity error, and the redshift measurement error, which can

be expressed as [102]:

(σdL
)2 = (σinst

dL
)2 + (σlens

dL
)2 + (σ

pv

dL
)2 + (σreds

dL
)2. (19)

The main systematic error caused by weak lensing is adopted

from the fitting formula [107]:

σlens
dL

(z) = dL(z) × 0.066
[
1 − (1 + z)−0.25

0.25

]1.8

, (20)

and the error caused by the peculiar velocity of a source

should also be included [126],

σ
pv

dL
(z) = dL(z) ×

[
1 +

c(1 + z)2

H(z)dL(z)

] √〈v2〉
c
, (21)

where the peculiar velocity
√〈v2〉 of the source with respect

to the Hubble flow is roughly set to 500 km s−1.

The error from the redshift measurement of the EM coun-

terpart could be ignored if the redshift is measured spectro-

scopically. But when using photometric redshift for a distant

source, this factor should be taken into account. We estimate

the error on the redshift measurement as:

σreds
dL
=
∂dL

∂z
(Δz)n, (22)

with (Δz)n � 0.03(1 + zn) [127].

2.3 Identifications of electromagnetic counterparts

In addition to the luminosity distance obtained from the GW

waveform, the realization of standard siren also requires the

redshift information. Moreover, the number of GW-EM
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Figure 1 (Color online) The uncertainties of angular resolutions (a) and luminosity distances (b) as functions of redshift. Here we choose κ = 0 for LISA,

and κ = 40◦ for Taiji.

events has a great impact on the estimations of cosmologi-

cal parameters, so we give an analysis on the EM counterpart

below.

In the process of the merger of MBHB with external mag-

netic fields, it is assumed that EM radiations could be emit-

ted in both the radio and optical bands [128-135]. The ra-

diation in the radio frequency band can be detected using

SKA (www.skatelescope.org), to identify the host galaxy of

the GW source. Subsequently, the radiation in the optical

band can be measured spectroscopically or photometrically

through optical/IR projects, such as the Vera C. Rubin Ob-

servatory [136] and the European Extremely Large Telescope

(E-ELT) (www.eso.org/sci/facilities/eelt/), to obtain the red-

shift information.

In practice, before the EM projects make observations, it

is necessary to accurately locate the GW source. Because the

fields of view of the EM projects, such as SKA and ELT, are

about 10 deg2, in our simulation, we choose those GW events

with ΔΩ < 10 deg2. From our analyses in sect. 2.2, one can

see that the most obvious advantage of a GW detection net-

work over a single detector is that it can greatly improve the

capability of locating GW sources, which is also discussed in

ref. [112]. It should be mentioned that we use a conservative

scenario to estimate the location parameter by using only the

inspiral phase [107]. A more optimistic scenario is to include

the merger and ringdown phases, which could lead to more

GW-EM events. We leave this issue for future research.

After locating the GW source within 10 deg2 by the

GW detectors, we need to further uniquely identify the host

galaxy by the EM counterpart. Of course, if the host galaxy

cannot be uniquely identified, statistical methods can also

be applied in estimating cosmological parameters. We leave

the relevant discussion in the future work. To simulate the

EM counterpart, it is necessary to understand the formation

mechanism of MBHB and its external environment. Regard-

ing these aspects, different theoretical models have been pro-

posed [123]. In this paper, we use an analysis method similar

to that used in refs. [107,137]. Next, we briefly introduce this

method. More details can be found in ref. [107].

We first simulate the EM radiation in the radio band, which

will be used to uniquely identify the host galaxy. The total

luminosity Lradio in the radio band consists of two parts. One

part is the dual jet Lflare emitted when a binary is close to

merging, which is caused by the twisting of external mag-

netic field lines by the rapidly inspiralling MBHB [128-132],

being given by

Lflare = εeddεradio(v/vmax)2q2Ledd. (23)

The factor (v/vmax)2 describes the luminosity evolution as the

MBHB inspirals (vmax = c/
√

3 is the circular speed at the in-

nermost stable circular orbit for a binary of BHs, and v is the

binary’s coordinate relative circular velocity [129]). εradio is

the fraction of EM radiations emitted in the radio band (i.e.,

a radio-to-bolometric luminosity correction), and is set to a

fiducial value of 0.1. εedd is the Eddington ratio, which is

calculated according to the formulas shown in Appendix A

of ref. [107]. q = M2/M1 ≤ 1 is the binary’s mass ratio.

The other part of Lradio is the standard radio jet due to the

Blandford-Znajeck effect [133, 134], with luminosity depen-

dent on the mass accretion rate. Following ref. [107], we use

the jet luminosity

Ljet =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1042.7erg s−1
(
α

0.01

)−0.1

m0.9
9

( ṁ
0.1

)6/5

×(1 + 1.1a1 + 0.29a2
1
), if 10−2 ≤ εedd ≤ 0.3,

1045.7erg s−1
(
α

0.3

)−0.1

m9

( ṁ
0.1

)
g2

×(0.55 f 2 + 1.5 f a1 + a2
1), otherwise.

(24)

We assume the Shakura-Sunyev viscosity parameter α =

0.1; m9 is defined as m9 = M1/(109M
); ṁ is the cen-

tral accretion rate, which is calculated from Appendix A of

ref. [107]; a1 is the spin parameter of the BH with the mass
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of M1; f and g are dimensionless quantities regulating the

angular velocity and the azimuthal magnetic field, respec-

tively, and are set to f = 1 and g = 2.3 [134]. The total

luminosity in the radio band is given by Lradio = Lflare + Ljet.

For the GW event satisfying Lradio ≥ 4πd2
L

FSKA
min

[129], its

EM radiation in the radio band is expected to be detected

by SKA, thus its host galaxy could be uniquely identified.

Here, FSKA
min

= νSKAFSKA
ν,min

is the detector’s flux limit, with

νSKA � 1.4 GHz and FSKA
ν,min

� 1 μJy. It should be noted

that we assume that the radio radiation is isotropic, accord-

ing to ref. [107]. Actually, the synchrotron emission within

the jet is beamed along the jet, which makes it impossible to

detect the events with jets being not towards the Earth, thus

reducing the number of GW-EM events. However, collima-

tion also implies a larger flux for a given source luminosity,

which makes some intrinsically fainter sources being observ-

able, thus increasing the number of GW-EM events. Because

these two factors have opposite effects on the number of GW-

EM events, and may counteract each other, we assume that

the radiation is isotropic for the purpose of simplification.

Only the radio identification cannot complete the measure-

ment of the redshift, so the optical/IR facilities are needed to

observe the spectral features to obtain the redshift. The host

galaxy’s luminosity in the K-band, Lk, is computed by con-

verting the host total stellar mass into luminosity [107]. Ac-

cording to the results of ref. [138], for young stellar popula-

tions at moderate redshift, the mass-to-light ratio M/Lk falls

in the range 0.01-0.05. We assume a fiducial M/Lk = 0.03

in the simulation. By converting Lk into apparent magnitude

mgal, we assume that the redshifts of MBHB merger events

that satisfy the following relationship can be measured by

ELT,

mgal = 82.5 − 5

2
log10

(
Lk

3.02

s

erg

)
+ 5log10

(
dL

pc

)
≤ mELT, (25)

with the detection threshold mELT being set to 31.3, which

is the photometric limiting magnitude of ELT correspond-

ing to J-band and H-band [139]. In principle, the detection

threshold should be set to 30.2 that is the limiting magni-

tude of K-band, because the host galaxy’s luminosity in K-

band is used to calculate apparent magnitude. Actually, MI-

CADO (Multi-AO Imaging Camera for Deep Observations)

on ELT will cover the wavelength range of 1000-2400 nm (J-

band to K-band), so we simply choose the highest limiting

magnitude, 31.3, as the detection threshold. This simplifica-

tion may lead to a very small overestimation of the detection

threshold, but will have no obvious effect on the number of

GW-EM events and the cosmological analysis. Based on the

above criterion, we can pick out the GW events whose red-

shifts can be determined. For the redshift error σreds
dL

, the au-

thors of ref. [107] take into account it for the GW-EM events

satisfying 27.2 < mgal < 31.3, with 27.2 being the spec-

troscopy limiting magnitude of ELT. In ref. [97], the authors

use a more simple method, namely taking into account the

redshift error for all the GW-EM events of z > 2. Namely,

it is assumed that the redshifts of GW events with z < 2 are

measured by spectroscopy, while those with z > 2 are mea-

sured by photometry, because the spectroscopic redshift in

the range of z > 2 is usually unavailable [97, 140]. In this

work, we adopt the simplified method in ref. [97]. Actually,

one can see from Figure 2 that most GW-EM events are at

z > 2. Thus, in our analysis, the redshift error is actually

considered for most data points.

2.4 Standard siren catalog

Based on the methods discussed in the previous sections, we

construct the standard siren catalogs in preparation for cos-

mological parameter constraints. In this work, we discuss

three population models of MBHB [141, 142], i.e., pop III,

Q3d, and Q3nod, which are proposed [123] for the simula-

tion of standard sirens, according to the birth mechanism of

MBHs and whether there exists a delay between the mergers

of MBHB and their host galaxies. For the total numbers of

the MBHB merger events within 5 years, we estimate them

based on the event rates given in Table I of ref. [123]. Specif-

ically, the numbers are 877, 41, and 610 for pop III, Q3d,

and Q3nod, respectively. For the redshift distribution and the

mass distribution of MBHBs, we give numerical fitting for-

mulas of the curves shown in Figure 3 of ref. [123]. The pre-

dicted MBHB merger rates as functions of redshift are given

by

R(z)pop III =

⎧⎪⎪⎨⎪⎪⎩
2.11z, 0 ≤ z ≤ 9,

−1.8z + 35.2, 9 < z ≤ 19,
(26)

R(z)Q3d =

⎧⎪⎪⎨⎪⎪⎩
0.43z, 0 ≤ z ≤ 3.5,

−0.18z + 2.12, 3.5 < z ≤ 12,
(27)

R(z)Q3nod =

⎧⎪⎪⎨⎪⎪⎩
1.67z, 0 ≤ z ≤ 6,

−0.69z + 14.62, 6 < z ≤ 19.
(28)

The predicted MBHB merger rates as functions of the total

redshifted mass, Mz, are given by

R(Mz)pop III =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
10−10.6

(
Mz
M


)3.2
, 103M
 ≤ Mz ≤ 104M
,

105.32
(

Mz
M


)−0.78
, 104M
 < Mz ≤ 108M
,

(29)

R(Mz)Q3d =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
10−4.4

(
Mz
M


)0.81
, 104M
 ≤ Mz ≤ 106.3M
,

106.65
(

Mz
M


)−0.94
, 106.3M
 < Mz ≤ 108M
,

(30)
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Figure 2 (Color online) The standard siren catalogs simulated from Taiji and the LISA-Taiji network within 5-year operation time based on the pop III (a),

Q3d (b), and Q3nod (c) models.

R(Mz)Q3nod =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
10−5.44

(
Mz
M


)1.2
, 104M
 ≤ Mz ≤ 106.2M
,

109.75
(

Mz
M


)−1.25
, 106.2M
 < Mz ≤ 108M
,

(31)

with Mz = M(1+ z). R(z) and R(Mz) are in units of yr−1. The

sky location (θ, φ), the binary inclination ι, the polarization

angle ψ, and the coalescence phase φc are randomly chosen

in the ranges of [0,π], [0, 2π], [0,π], [0, 2π], and [0, 2π], re-

spectively.

After selecting the GW events satisfying SNR > 8 and

ΔΩ < 10 deg2, and further selecting the GW events whose

redshifts can be detected by SKA and ELT, we obtain the use-

ful standard sirens. For each standard siren, we calculate its

luminosity distance dL and the error of luminosity distance

σdL
. The fiducial values of cosmological parameters are set

to the best-fit values of the Planck 2018 results [3]. Then, for

each MBHB model, we can construct a standard siren cata-

log including the redshift z, luminosity distance dL, and error

of luminosity distance σdL
of MBHBs.

We show the simulated standard sirens in Figure 2. Firstly,

it is found that the numbers of standard sirens detected by

the LISA-Taiji network are much more than those detected

by the single Taiji mission, which also can be seen in Table

1. For each MBHB model, the LISA-Taiji network approxi-

mately doubles the detection number compared to the single

Taiji mission. This is due to the fact that the network could

improve SNR and the location accuracy of the GW event.

Secondly, the network can detect the GW events at higher

redshifts due to the improvement of SNR. For example, from

the middle panel of Figure 2, we can see that for the Q3d

model, the redshifts of the standard sirens detected by the net-

work could reach z ∼ 9. Thirdly, the LISA-Taiji network can

improve the measurement accuracy of luminosity distance to

some extent, which can be seen from the error bars in Figure

2. These improvements make us expect that the LISA-Taiji

network can greatly improve the capability of constraining

cosmological parameters.

3 Cosmological parameter estimation

In this section, we shall report the constraint results of cos-

mological parameters. In theory, the luminosity distance

dL of a GW source at redshift z is determined by a spe-

cific cosmological model. The ΛCDM model [w(z) = −1],

the wCDM model [w(z) = constant], and the Chevallier-

Polarski-Linder (CPL) model [w(z) = w0 + waz/(1 + z)]

[143,144] are considered in this paper. For the CMB data, we

employ the “Planck distance priors” from the Planck 2018

observation [145]. We use σ(ξ) and ε(ξ) to represent the ab-

solute error and the relative error of the parameter ξ, respec-

tively, with ε(ξ) defined as ε(ξ) = σ(ξ)/ξ.

Firstly, let us take the simplest ΛCDM model as an ex-

ample to discuss the constraint results for the three MBHB

models. From Figure 3, we find that the pop III model gives

Table 1 The numbers of the standard sirens simulated from Taiji and the

LISA-Taiji network within 5-year operation time, based on the pop III, Q3d,

and Q3nod models of MBHB population

Model
Number of standard sirens

Taiji LISA-Taiji network

pop III 25 50

Q3d 12 20

Q3nod 24 44
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Figure 3 (Color online) The two-dimensional marginalized contours

(68.3% and 95.4% confidence level) in the Ωm-H0 plane considering three

MBHB models for the ΛCDM model.
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the best constraints because it has the maximal event num-

ber among the three MBHB models. The Q3nod model is

similar with the pop III model, but the Q3d model gives

the worst constraints because it has the fewest event num-

ber. Quantitatively, the pop III model gives the relative errors

ε(Ωm) = 7.8% and ε(H0) = 1.3%, the Q3nod model gives

ε(Ωm) = 8.4% and ε(H0) = 1.4%, and the Q3d model gives

ε(Ωm) = 21.2% and ε(H0) = 4.9%, as shown in Table 2.

Here, we notice that solely using the standard sirens from

the LISA-Taiji network could provide a tight constraint on

H0, with the precision close to 1%, which is the standard of

precision cosmology. Compared with the single Taiji mis-

sion, the LISA-Taiji network reduces the absolute errors of

Ωm and H0 by 60.3% and 63.8%, respectively, which can

be seen from Table 3. This indicates that the GW detection

network could provide a more accurate measurement of H0

than a single detector, which is helpful for solving the Hubble

constant tension.

Now let us have a look at the improvements of the con-

straints on the EoS parameter of dark energy. We first dis-

cuss the wCDM model that has only one dark-energy EoS

parameter. In Figure 4, we show the two-dimensional poste-

rior contours in the Ωm-w and w-H0 planes using the data

of Taiji, network, CMB, CMB+Taiji, and CMB+network.

From the purple contour and the green contour, we can see

that the network can give much better constraints than the

single Taiji mission. The gray contour represents the con-

straint from the CMB data, and this contour is almost orthog-

onal to the green contour, which indicates that the standard

siren data could significantly break the parameter degenera-

cies. By comparing the red contour and the blue contour,

we can see that, although both the single Taiji mission and

the network can break degeneracies, the network can im-

prove the constraint accuracies much better. As we men-

tioned above, this is because the LISA-Taiji network can de-

tect more GW-EM events than Taiji, and can detect the events

at higher redshifts. In addition, the network also improves

SNR, thus reducing the error of dL. Concretely, the LISA-

Taiji network could reduce the absolute error of w by 66.9%

compared with the single Taiji mission. The data combina-

tion CMB+network could reduce the absolute error of w by

56.7% compared with CMB+Taiji. It is worth emphasizing

Table 2 The absolute errors (1σ) and the relative errors of the cosmological parameters in the ΛCDM, wCDM, and CPL models using the mock data

of the LISA-Taiji network. Here, σ(ξ) and ε(ξ) represent the absolute and relative errors of the parameter ξ, respectively. Note also that ε(ξ) is defined as

ε(ξ) = σ(ξ)/ξ, and H0 is in units of km s−1 Mpc−1

Error
ΛCDM wCDM CPL

pop III Q3d Q3nod pop III Q3d Q3nod pop III Q3d Q3nod

σ(Ωm) 0.025 0.073 0.027 0.036 0.078 0.037 0.054 0.099 0.056

σ(H0) 0.86 3.25 0.94 1.85 10.10 1.75 2.40 10.00 2.10

σ(w) − − − 0.245 0.735 0.230 − − −
σ(w0) − − − − − − 0.380 0.965 0.340

σ(wa) − − − − − − 1.95 − 2.05

ε(Ωm) 0.078 0.212 0.084 0.113 0.258 0.114 0.165 0.304 0.171

ε(H0) 0.013 0.049 0.014 0.027 0.141 0.026 0.036 0.141 0.031

ε(w) − − − 0.229 0.525 0.215 − − −
ε(w0) − − − − − − 0.409 0.832 0.378

Table 3 The absolute errors (1σ) and the relative errors of the cosmological parameters in theΛCDM, wCDM, and CPL models using the CMB, Taiji (Q3nod),

network (Q3nod), CMB+Taiji (Q3nod), and CMB+network (Q3nod) data. Here, σ(ξ) and ε(ξ) represent the absolute and relative errors of the parameter ξ,

respectively. Note also that ε(ξ) is defined as ε(ξ) = σ(ξ)/ξ, and H0 is in units of km s−1 Mpc−1

Error
ΛCDM wCDM CPL

CMB Taiji network CMB+Taiji CMB+network CMB Taiji network CMB+Taiji CMB+network CMB Taiji network CMB+Taiji CMB+network

σ(Ωm) 0.009 0.068 0.027 0.008 0.007 0.057 0.087 0.037 0.026 0.010 0.059 0.086 0.056 0.032 0.018

σ(H0) 0.61 2.60 0.94 0.58 0.46 6.15 3.90 1.75 2.80 1.00 6.25 4.05 2.10 3.25 1.90

σ(w) − − − − − 0.215 0.695 0.230 0.097 0.042 − − − − −
σ(w0) − − − − − − − − − − 0.575 0.885 0.340 0.510 0.230

σ(wa) − − − − − − − − − − − − 2.05 1.80 0.67

ε(Ωm) 0.027 0.201 0.084 0.026 0.020 0.178 0.263 0.114 0.082 0.030 0.183 0.246 0.171 0.097 0.056

ε(H0) 0.009 0.039 0.014 0.009 0.007 0.090 0.057 0.026 0.041 0.015 0.092 0.059 0.031 0.049 0.028

ε(w) − − − − − 0.211 0.489 0.215 0.097 0.042 − − − − −
ε(w0) − − − − − − − − − − 0.871 0.651 0.378 0.823 0.242
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Figure 4 (Color online) The two-dimensional marginalized contours (68.3% and 95.4% confidence level) in theΩm-w (a) and w-H0 (b) planes for the wCDM.

The mock data of Taiji and the LISA-Taiji network are simulated based on the Q3nod model.

that using the CMB+network data, the constraint precision

of w could reach 4.2%, which is comparable with the result

of Planck 2018 TT, TE, EE+lowE+lensing+SNe+BAO [3].

Note also that here we use only the Planck distance priors,

but not the Planck full data of CMB power spectra.

For the CPL model that has two dark-energy EoS pa-

rameters w0 and wa, we also find that the LISA-Taiji net-

work data give better constraints compared with the sin-

gle Taiji mission. The detailed results are shown in Ta-

ble 3. For the parameter w0, Taiji gives the relative error

ε(w0) = 65.1%, and the LISA-Taiji network gives the rela-

tive error ε(w0) = 37.8%. Compared with the single Taiji

mission, the LISA-Taiji network can reduce the absolute er-

ror of w0 by 61.6%. For the parameter wa, Taiji cannot con-

strain wa well, but the LISA-Taiji network gives the abso-

lute error σ(wa) = 2.05. When the CMB data are combined,

CMB+Taiji gives ε(w0) = 82.3% and σ(wa) = 1.80, and

CMB+network gives ε(w0) = 24.2% and σ(wa) = 0.67.

Compared with CMB+Taiji, CMB+network could reduce

the absolute errors of w0 and wa by 41.5% and 54.9%, re-

spectively. This indicates that the future LISA-Taiji net-

work combined with the CMB observation will play an

important role in constraining the EoS parameter of dark

energy.

It should be noted that we make some assumptions and ap-

proximations in this work. For the redshift distribution and

the mass distribution of MBHBs, we use the numerical fit-

ting formulas. For the redshift measurement, we assume that

the redshifts of GW events satisfying z > 2 are measured by

photometry, so we take into account the redshift errors for

these events. In addition, we simply assume that the radio ra-

diation in the EM counterpart is isotropic. We have discussed

the rationalities of these assumptions in the previous sections.

The main purpose of this work is to make a preliminary fore-

cast on the capability of the LISA-Taiji network of improving

the estimations of cosmological parameters, compared with

a single GW detector. For this purpose, these assumptions do

not affect our main conclusions. For a more specific investi-

gation on these issues, we leave it for future works.

4 Conclusion

In this work, we forecast the capability of the future space-

based GW detection network to constrain cosmological pa-

rameters. We consider a detection network composed of the

European LISA mission and the Chinese Taiji mission. The

configuration angle between the LISA and Taiji is consid-

ered to be 40◦. Three models for MBHB, i.e., pop III, Q3d,

and Q3nod, are used to simulate the EM counterpart detec-

tion and estimate the number of GW-EM events. Three typi-

cal cosmological models, i.e., the ΛCDM, wCDM, and CPL

models, are chosen as representatives.

We find that the LISA-Taiji network could significantly

improve the constraint accuracies of cosmological parame-

ters compared with the single Taiji mission. This is mainly

due to three aspects: (i) the LISA-Taiji network could in-

crease the number of the GW-EM events; (ii) the LISA-Taiji

network could detect the GW events at higher redshift; and

(iii) the LISA-Taiji network could reduce the error of lumi-

nosity distance. Taking the Q3nod model as an example, the

LISA-Taiji network increases the GW-EM number from 24

to 44, compared with the singe Taiji mission. The redshifts

of GW events detected by the LISA-Taiji network can reach

to z ∼ 8. The errors of luminosity distances are also reduced

to some extent, which can be seen from the error bars in Fig-

ure 2.

For the simplest ΛCDM model, we find that the pop III

model gives the best constraints due to its maximal event

number among these three MBHB models. The Q3nod

model is similar with pop III, but the Q3d model gives

the worst constraints due to its fewest event number. The
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pop III model gives the relative errors ε(Ωm) = 7.8% and

ε(H0) = 1.3%; the Q3nod model gives ε(Ωm) = 8.4% and

ε(H0) = 1.4%; the Q3d model gives ε(Ωm) = 21.2% and

ε(H0) = 4.9%. So, we find that solely using the standard

sirens from the LISA-Taiji network, the constraint precision

of H0 could reach about 1%, which is the standard of preci-

sion cosmology. In addition, compared with the single Taiji

mission, the LISA-Taiji network could reduce the relative er-

ror of H0 by 63.8%. This indicates that the LISA-Taiji net-

work is helpful in addressing the H0 tension.

For the dark-energy EoS parameter, we first discuss it in

the wCDM model. Taking the Q3nod model as an example,

we find that the LISA-Taiji network reduces the absolute er-

ror of w by 66.9% compared with the single Taiji mission.

We also see that the LISA-Taiji network improves the ca-

pability of breaking the parameter degeneracies inherent in

the CMB data. Specifically, the CMB+network data reduces

the absolute error of w by 56.7% compared with CMB+Taiji.

The constraint precision of w could reach 4.2% using the

CMB+network data, which is comparable with the result of

Planck 2018 TT, TE, EE+lowE+lensing+SNe+BAO. For the

CPL model that has two dark-energy EoS parameters w0 and

wa, the LISA-Taiji network can reduce the absolute error of

w0 by 61.6%, compared with the single Taiji mission. For the

parameter wa, Taiji cannot constrain wa well, but the LISA-

Taiji network can give the absolute errorσ(wa) = 2.05. Com-

pared with CMB+Taiji, CMB+network could reduce the ab-

solute errors of w0 and wa by 41.5% and 54.9%, respectively.

This indicates that the future LISA-Taiji network combined

with the CMB observation will play an important role in con-

straining the EoS parameters of dark energy.

In the next few decades, GW detectors are expected to

form powerful detection networks. This allows researchers to

use multiple detectors to jointly detect a GW source, thereby

improving the measurement accuracies of source parameters.

At the same time, the detections of different GW sources in

multiple GW frequency bands can help us test the theory of

gravity, and can also lead to a more comprehensive under-

standing of the properties of compact objects and the evolu-

tion history of the universe. We expect that the LISA-Taiji

network could play an important role in these aspects, and

we will further discuss them in depth in our future work.
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Hoyland, M. Hueller, H. Inchauspé, O. Jennrich, P. Jetzer, U. Johann,

B. Johlander, N. Karnesis, B. Kaune, N. Korsakova, C. J. Killow, J.

A. Lobo, I. Lloro, L. Liu, J. P. López-Zaragoza, R. Maarschalker-
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