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In the next decades, the gravitational-wave (GW) standard siren observations and the neutral hydrogen
21-cm intensity mapping (IM) surveys, as two promising cosmological probes, will play an important role
in precisely measuring cosmological parameters. In this work, we make a forecast for cosmological
parameter estimation with the synergy between the GW standard siren observations and the 21-cm IM
surveys. We choose the Einstein Telescope (ET) and the Taiji observatory as the representatives of the GW
detection projects and choose the Square Kilometre Array (SKA) phase I mid-frequency array as the
representative of the 21-cm IM experiments. In the simulation of the 21-cm IM data, we assume perfect
foreground removal and calibration. We find that the synergy of the GW standard siren observations and the
21-cm IM survey could break the cosmological parameter degeneracies. The joint ETþ Taijiþ SKA data
give σðH0Þ ¼ 0.28 km s−1 Mpc−1 in the ΛCDM model, σðwÞ ¼ 0.028 in the wCDM model, which are
better than the results of Planckþ BAOþ SNe, and σðw0Þ ¼ 0.077 and σðwaÞ ¼ 0.295 in the CPL model,
which are comparable with the results of Planckþ BAOþ SNe. In the ΛCDM model, the constraint
precision of H0 and Ωm is less than or rather close to 1%, indicating that the magnificent prospects for
precision cosmology with these two promising cosmological probes are worth expecting.

DOI: 10.1103/PhysRevD.104.103507

I. INTRODUCTION

The precise measurements of the cosmic microwave
background (CMB) anisotropies initiated the era of pre-
cision cosmology [1,2]. The ΛCDM model as the standard
model of cosmology can fit the CMB data with breath-
taking precision. Nevertheless, extra cosmological param-
eters in the extended cosmological models cannot be tightly
constrained by solely using the CMB data due to the strong
cosmological parameter degeneracies. Thus, the measure-
ments of the late universe are needed as the supplements of
the CMB data to break the cosmological parameter degen-
eracies. However, there are inconsistencies between the
early and late universe. For example, the tension between
the values of the Hubble constant inferred from the CMB
observation [3] and the Cepheid-supernova distance ladder
measurement [4] has now reached 4.2σ [4]. The Hubble
tension has been intensively discussed in the literature
[5–23]. It is now commonly believed that the Hubble
tension is a severe crisis for cosmology [24,25]. To solve
the current cosmological tensions, one crucial way is to
develop new powerful late-universe cosmological probes,
besides conceiving novel cosmological models. Since the

current measurements of the late universe are mainly based
on optical observations, it is important to develop other
new-type cosmological probes. Obviously, the gravita-
tional-wave (GW) standard siren observations and the
neutral hydrogen (HI) 21-cm radio observations are two
promising cosmological probes.
The standard siren method could be applied in measuring

cosmological parameters by establishing the relation
between luminosity distance and redshift, which was first
proposed by Schutz [26]. The absolute luminosity distance
to the GW source could be directly obtained from the
analysis of the GW waveform. If the source’s redshift can
also be obtained by identifying its electromagnetic (EM)
counterpart, then this GW-EM event could be treated as a
standard siren for exploring the expansion history of
the universe [27]. The first actual application of standard
siren is using GW170817 [28] and its EM counterpart
(GRB 170817A) [29,30] to measure the Hubble constant,
which gives a result with around 15% precision [31].
A further forecast analysis shows that the measurement
precision of the Hubble constant could achieve about 2%
using 50 similar standard siren events [32]. It can be
anticipated that GWs could help resolve the Hubble
tension with the accumulation of observed standard siren
events. Recently, the GW standard sirens have been widely
discussed [33–54].
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The development of standard siren method in the next
decades depends on the future GW detectors. The third-
generation ground-based GW detectors, i.e., the Cosmic
Explorer [55] and the Einstein Telescope (ET) [56], aimed
at high frequency-band (a few hundred hertz) GW detec-
tions, will begin observing in the 2030s. At the same time,
the space-based GW detectors, i.e., LISA [57], TianQin
[58,59], and Taiji [60–62], will open the window of
detecting milli-hertz frequency-band GWs. Due to the
different detection-frequency bands of the ground-based
and space-based detectors, synergistically utilizing these
GW detectors allows the standard sirens to be realized with
different GW sources, e.g., binary neutron star (BNS),
binary black hole (BBH), and massive black hole binary
(MBHB). The combination of the standard sirens from
different GW sources will definitely improve the capability
of constraining cosmological parameters. In this work, we
shall simulate the GW standard sirens based on the
observations from ET (aimed at detecting BNSs) and
Taiji (aimed at detecting MBHBs), and use the combination
of them as the GW standard siren data.
Moreover, the HI 21-cm radio observation is another

promising cosmological probe. In the post-reionization
epoch of the universe, HI is thought to reside in dense
gas clouds embedded in galaxies, so it is essentially a tracer
of the galaxy distribution. Actually, it is difficult to detect
enough HI-emitting galaxies to make an accurate cosmo-
logical analysis. However, we can simply measure the total
HI intensity over comparatively large angular scales to
study the large-scale structure of the universe, of which the
method is called 21-cm intensity mapping (IM). Using the
21-cm IM technique, one could measure the scale of baryon
acoustic oscillations (BAO) that is a cosmological standard
ruler, thus accurately measuring the late-time expansion
history of the universe. Many 21-cm IM experiments have
been proposed to measure the HI power spectrum and
other features of the large-scale structure, e.g., the baryon
acoustic oscillations from integrated neutral gas observa-
tions (BINGO) [63,64], the five-hundred-meter aperture
spherical radio telescope (FAST) [65–67], the square
kilometre array (SKA) [68–71], and the Tianlai cylinder
array [72–74]. A series of forecasts indicate that 21-cm IM
could play an important role in the cosmological para-
meter estimation [70,75–77] (see also Ref. [78] for a brief
review).
Actually, as two promising cosmological probes, stan-

dard sirens and 21-cm IM have different advantages.
Standard sirens allow the direct measurements of dLðzÞ
that is inversely proportional to H0, so a large number of
standard sirens could constrain H0 well. The 21-cm IM
survey, compared to the optical survey, has some advan-
tages in such as larger survey volumes, deeper redshifts,
higher survey efficiency, and so forth. In addition, the BAO
measurements by 21-cm IM can provide the information of
HðzÞ that is related to wðzÞ by only one integral, therefore,

compared with the distance–redshift relation that is related
to wðzÞ by two integrals, radial BAO may provide better
constraints on wðzÞ. This implies that the combination of
standard sirens and 21-cm IM may constrain both H0 and
wðzÞ well. Hence, we wish to investigate the capability of
estimating cosmological parameters using the combination
of these two promising cosmological probes.
Based on the motivations described above, in this work

we focus on the synergy of the GW standard siren
observations and the 21-cm IM surveys in cosmological
parameter estimation. For the simulation of standard sirens,
we choose ET and Taiji as the representatives of the GW
detection projects. For the simulation of 21-cm IM obser-
vations, we choose SKA as the representative of the 21-cm
IM experiments (note that we consider perfect foreground
removal and calibration in our simulation). Since the SKA
phase I mid-frequency (SKA1-MID) array focuses on
exploring the evolution of the late universe [69], we only
consider SKA1-MID in this work. For the cosmological
models, we take the ΛCDM, wCDM, and CPL models as
typical examples. The flat ΛCDM model is taken as the
fiducial model to generate mock data, with the fiducial
values of cosmological parameters being set to the con-
straint results from Planck 2018 TT;TE;EEþ lowE [3].
This work is organized as follows. In Sec. II, we introduce

themethods of simulatingGWstandard sirens. In Sec. III, we
briefly describe the methods of simulating 21-cm IM data
based on SKA. In Sec. IV, we give the constraint results and
make some relevant discussions. The conclusion is given in
Sec. V. Unless otherwise stated, we adopt the system of units
in which G ¼ c ¼ 1 throughout this paper.

II. GRAVITATIONAL WAVE STANDARD
SIREN OBSERVATION

A. Simulation of GW standard sirens from ET

The frequency band detected by the ground-based GW
detectors corresponds to the mergers of binary stellar-mass
black holes, BNSs, or neutron star-black hole binaries. In
this work, we assume that all the GW standard siren events
detected by ET are produced by the BNS merger events.
For the redshift distribution of BNSs, we adopt the form in
Ref. [79]. In this paper, we adopt the restricted post-
Newtonian (PN) approximation and calculate the waveform
to the 3.5 PN order [80]. The Fourier transform h̃ðfÞ of the
time-domain waveform is given by

h̃ðfÞ ¼ Af−7=6 expfið2πftc − π=4þ 2Ψðf=2Þ − φð2;0ÞÞg;
ð1Þ

where the Fourier amplitude A is given by

A ¼ 1

dL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2þð1þ cos2ðιÞÞ2 þ 4F2

×cos2ðιÞ
q

×
ffiffiffiffiffiffiffiffiffiffiffiffiffi
5π=96

p
π−7=6M5=6

c ; ð2Þ
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ΨðfÞ and φð2;0Þ are given by [80,81]

ΨðfÞ ¼ −ψ c þ
3

256η

X7
i¼0

ψ ið2πMfÞði−5Þ=3; ð3Þ

φð2;0Þ ¼ tan−1
�
−

2 cosðιÞF×

ð1þ cos2ðιÞÞFþ

�
; ð4Þ

where dL is the luminosity distance to the GW source, Fþ;×

are antenna pattern functions, ι is the inclination angle
between the binary’s orbital angular momentum and the
line of sight, Mc ¼ ð1þ zÞη3=5M is the observed chirp
mass,M ¼ m1 þm2 is the total mass of binary system with
component masses m1 and m2, η ¼ m1m2=ðm1 þm2Þ2 is
the symmetric mass ratio, ψ c is the coalescence phase, and
the coefficients ψ i are given by [80]

ψ0 ¼ 1; ψ1 ¼ 0;

ψ2 ¼
3715

756
þ 55

9
η; ψ3 ¼ −16π;

ψ4 ¼
15293365

508032
þ 27145

504
ηþ 3085

72
η2;

ψ5 ¼ π

�
38645

756
−
65

9
η

�
½1þ ln ð63=2πMfÞ�;

ψ6 ¼
11583231236531

4694215680
−
640

3
π2 −

6848

21
γ

þ
�
−
15737765635

3048192
þ 2255

12
π2
�
η

þ 76055

1728
η2 −

127825

1296
η3 −

6848

63
lnð64πMfÞ;

ψ7 ¼ π

�
77096675

254016
þ 378515

1512
η −

74045

756
η2
�
; ð5Þ

where γ ¼ 0.577 is the Euler’s constant.
The antenna pattern functions of ET are [79]

Fð1Þ
þ ðθ;ϕ;ψÞ ¼

ffiffiffi
3

p

2

�
1

2
ð1þ cos2ðθÞÞ cosð2ϕÞ cosð2ψÞ

− cosðθÞ sinð2ϕÞ sinð2ψÞ
�
;

Fð1Þ
× ðθ;ϕ;ψÞ ¼

ffiffiffi
3

p

2

�
1

2
ð1þ cos2ðθÞÞ cosð2ϕÞ sinð2ψÞ

þ cosðθÞ sinð2ϕÞ cosð2ψÞ
�
; ð6Þ

where (θ, ϕ) are angles describing the location of the source
in the sky, and ψ is the polarization angle. Notice that here
ψ is the polarization angle, different from those ψ i in
Eqs. (3) and (5), which are the PN coefficients. Since
ET has three interferometers with 60° inclined angles

between each other, the other two pattern functions are

Fð2Þ
þ;×ðθ;ϕ;ψÞ ¼ Fð1Þ

þ;×ðθ;ϕþ 2π=3;ψÞ
and Fð3Þ

þ;×ðθ;ϕ;ψÞ ¼ Fð1Þ
þ;×ðθ;ϕþ 4π=3;ψÞ.

Then we need to select the GW events with signal-to-
noise ratios (SNRs) greater than 8 in our simulation. The
combined SNR for the detection network of N independent
interferometers is given by

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

ðρiÞ2
vuut ; ð7Þ

where ρi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hh̃i; h̃ii

q
. The inner product is defined as

ha; bi ¼ 4

Z
fupper

flower

aðfÞb�ðfÞ þ a�ðfÞbðfÞ
2

df
SnðfÞ

: ð8Þ

Here, flower ¼ 1 Hz is the lower cutoff frequency, fupper ¼
2=ð63=22πMobsÞ is the frequency at the last stable orbit with
Mobs ¼ ðm1 þm2Þð1þ zÞ [79], SnðfÞ is the one-side noise
power spectral density (PSD), and we obtain the fitting
function of SnðfÞ using the interpolation method to fit the
sensitivity data of ET [82]. The fitting function obtained by
the interpolation method and the sensitivity data of ET are
plotted in Fig. 1.
A few ×105 BNS mergers per year could be observed by

ET, but only about 0.1% of them may have γ-ray bursts
toward us [54], which means that a few × 102 GW events’
redshifts could be obtained per year. Chen et al. recently
made a forecast showing that 910 GW standard siren events
could be detected based on the 10-year observation of CE
and Swift++ [40]. Therefore, in our forecast in the present
work, we simulate 1000 GW standard siren events gen-
erated by BNS mergers corresponding to the 10-year
operation time of ET.

FIG. 1. The fitting function of SnðfÞ of ET obtained using the
interpolation method.
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For ET, we consider three measurement errors of dL,
consisting of the instrumental error σinstdL

, the weak-lensing
error σlensdL

, and the peculiar velocity error σpvdL. The total
error of dL is

ðσdLÞ2 ¼ ðσinstdL
Þ2 þ ðσlensdL

Þ2 þ ðσpvdLÞ2: ð9Þ

First, we need to use the Fisher information matrix to
calculate σinstdL

. For a network including N independent
detectors, the Fisher information matrix can be written as

Fij ¼
�∂hðfÞ

∂θi ;
∂hðfÞ
∂θj

�
; ð10Þ

with h given by

hðfÞ ¼ ½h̃1ðfÞ; h̃2ðfÞ;…; h̃NðfÞ�; ð11Þ

where θi denotes nine parameters (dL,Mc, η, θ, ϕ, ι, tc, ψc,
ψ) for a GW event. Then we have

Δθi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðF−1Þii

q
; ð12Þ

where Fij is the total Fisher information matrix for the
network of N detectors. Note that here σinstdL

¼ Δθ1.
In our previous works [43–50], we calculated SNRs of

GW events to obtain σinstdL
using the relation σinstdL

¼ 2dL=ρ.
Actually, the randomness of the GW source’s parameters
may lead to the randomness of σinstdL

. In this work, in order to
remove this randomness in the result, we randomly choose
the source parameters to perform the Fisher matrix analysis
for 100 times, and calculate the average of the 100 matrices.
In addition to σinstdL

, the measurement of luminosity
distance is also affected by the weak lensing and we adopt
the form in Ref. [83]

σlensdL
ðzÞ ¼ dLðzÞ × 0.066

�
1 − ð1þ zÞ−0.25

0.25

�
1.8
: ð13Þ

In this work, we consider a delensing factor. We use
dedicated matter surveys along the line of sight of the
GW event in order to estimate the lensing magnification
distribution, which can remove part of the uncertainty due
to weak lensing. This reduces the weak lensing uncertainty.
Following Ref. [84], we realistically assume that 30% of
delensing could be achieved at redshift 2 and we thus adopt
the following delensing factor,

FdelensðzÞ ¼ 1 −
0.3
π=2

arctan ðz=z�Þ; ð14Þ

with z� ¼ 0.073. The final lensing uncertainty on dL is

σlensingdL
ðzÞ ¼ FdelensðzÞσlensdL

ðzÞ: ð15Þ

We consider the delensing uncertainty of dL, i.e., we use
σlensingdL

to replace σlensdL
in Eq. (9).

The error caused by the peculiar velocity of the GW
source is given by [85]

σpvdLðzÞ ¼ dLðzÞ ×
�
1þ cð1þ zÞ2

HðzÞdLðzÞ
� ffiffiffiffiffiffiffiffiffi

hv2i
p

c
; ð16Þ

where HðzÞ is the Hubble parameter.
ffiffiffiffiffiffiffiffiffi
hv2i

p
is the

peculiar velocity of the GW source and we roughly
set

ffiffiffiffiffiffiffiffiffi
hv2i

p
¼ 500 km s−1.

For each simulated GW source, the sky location (θ, ϕ),
the masses of NSs (m1, m2), the binary inclination ι, the
coalescence phase ψ c, and the polarization angle ψ are
evenly sampled in the ranges of [0, π], [0, 2π], ½1; 2� M⊙,
½1; 2� M⊙, [0, π=9], [0, 2π], and [0, 2π], respectively, where
M⊙ is the solar mass. The merger time is chose to tc ¼ 0 for
simplicity. In this work, we assume that the EM counter-
parts could be detected through the detections of short
γ-ray bursts (SGRBs) to determine sources’ redshifts. The
maximal inclination angle that could be detected is about
ι ¼ 20° [86], so we set the inclination angle to be in the
range of [0, π=9].

B. Simulation of GW standard sirens from Taiji

The frequency band detected by the space-based GW
detectors corresponds to MBHB mergers. The unknown
birth mechanisms of MBHB lead to the uncertainties in
predicting the event rate of MBHB. Based on a semi-
analytical galaxy formation model, three population mod-
els of MBHBs, i.e., the pop III, Q3d, and Q3nod models
are proposed, based on the various combinations of the
mechanisms of seeding and delay [87]. In Ref. [49], it is
found that the Q3nod model gives the best constraints on
cosmological parameters since the Q3nod model yields
the most data points among these three models. In this
paper, we simulate standard siren events only based on the
Q3nod model.
The response functions of Taiji are given by

Fþðt; θ;ϕ;ψÞ ¼
1

2
ðcosð2ψÞDþðt; θ;ϕÞ

− sinð2ψÞD×ðt; θ;ϕÞÞ;

F×ðt; θ;ϕ;ψÞ ¼
1

2
ðsinð2ψÞDþðt; θ;ϕÞ

þ cosð2ψÞD×ðt; θ;ϕÞÞ: ð17Þ

Based on the low-frequency approximation, the forms of
Dþ;× are given by [88]
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Dþðt;θ;ϕÞ¼
ffiffiffi
3

p

64
½−36sin2θ sinð2αðtÞ−2βÞþð3þ cosð2θÞÞ

× ðcosð2ϕÞð9sinð2βÞ− sinð4αðtÞ−2βÞÞ
þ sinð2ϕÞðcosð4αðtÞ−2βÞ−9cosð2βÞÞÞ
−4

ffiffiffi
3

p
sinð2θÞðsinð3αðtÞ−2β−ϕÞ−3sinðαðtÞ

−2βþϕÞÞ�; ð18Þ

D×ðt;θ;ϕÞ ¼
1

16
½

ffiffiffi
3

p
cosθð9cosð2ϕ−2βÞ− cosð4αðtÞ− 2β

− 2ϕÞÞ− 6sinθðcosð3αðtÞ− 2β−ϕÞ
þ 3cosðαðtÞ− 2βþϕÞÞ�; ð19Þ

where α ¼ 2πfmtþ κ is the orbital phase of the guid-
ing center, and β ¼ 0 is the relative phase of three space-
craft. Here κ ¼ 0 is the initial ecliptic longitude of the
guiding center and fm ¼ 1=yr. Following Ref. [89], we
equivalently consider Taiji as a combination of two
independent interferometers with an azimuthal difference
of π=4. Another equivalent antenna pattern function is

Fð2Þ
þ;×ðt; θ;ϕ;ψÞ ¼ Fð1Þ

þ;×ðt; θ;ϕ − π=4;ψÞ.
In order to study the signal in the Fourier space, we

replace the observation time t by [90,91]

tðfÞ ¼ tc −
5

256
M−5=3

c ðπfÞ−8=3; ð20Þ

where tc is the coalescence time of MBHB. In our analysis,
we set tc ¼ 0.
We calculate SNRof eachGWevent usingEqs. (7) and (8),

and we choose the SNR threshold of 8 for Taiji. In Eq. (8),
Taiji’s PSD is taken from Ref. [61]. flower ¼ 10−4 Hz is
the lower frequency cutoff, and fupper ¼ c3=6

ffiffiffi
6

p
πGMobs

is the innermost stable circular orbit [92] with Mobs ¼
ðm1 þm2Þð1þ zÞ. Following Ref. [49], we assume that
Taiji’s detection rate of MBHB based on the Q3nodmodel is
identical to that of LISA, i.e., 41 standard siren events based
on the 5-year operation time [93] are considered in this work.
We adopt the redshift distribution given in Ref. [93] and
simulate 41 standard siren events. For each GW source,
the sky position (θ, ϕ), the masses of MBHs (m1, m2), the
inclination angle ι, the coalescence phase ψ c, and the
polarization angle ψ are evenly sampled in the ranges of
[0, π], [0, 2π], ½104; 107� M⊙, ½104; 107� M⊙, [0, π], [0, 2π],
and [0, 2π], respectively.
MBHBs may produce EM signals since they are

expected to merge in a gas-rich environment that may
power EM emissions through jets, disk winds, or accre-
tions. These EM signals can be applied in identifying the
redshifts of the GW sources. If the redshift is measured
spectroscopically, the redshift error could be ignored.
While if the redshift is measured photometrically, the
redshift error should be taken into account. Since the

spectroscopic redshift in the range of z > 2 is almost
unavailable [84,94], we assume that the redshifts of GW
events with z > 2 are measured photometrically, while
those with z < 2 are measured spectroscopically. Hence,
for the GW events with z > 2, we take into account the
redshift error σredsdL

[84] in Eq. (9). We estimate the error on
the redshift measurement as ðΔzÞn ≃ 0.03ð1þ znÞ [95] and
propagate it to the error on dL,

σredsdL
¼ ∂dL

∂z ðΔzÞn: ð21Þ

Here n represent the nth GW event.
In Fig. 2, we show the ΔdL=dL scatter plot of the

simulated standard sirens detected by ET (upper panel) and
Taiji (lower panel). We can observe the following facts:
(i) the number of standard sirens detected by ET is much
more than that detected by Taiji, because the event rate of
the BNS merger is larger than that of the MBHB merger;

FIG. 2. Distribution of ΔdL=dL as a function of redshift.
The color indicates SNRs of the simulated GW standard sirens.
Upper panel: the 1000 standard sirens within the 10-year
observation of ET. Lower panel: the 41 standard sirens within
the 5-year observation of Taiji, based on the Q3nod model of
MBHB population.
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(ii) compared with ET, Taiji could detect the GW events at
higher redshifts (z ∼ 7); and (iii) due to the fact that the mass
ofMBHB is several orders ofmagnitude larger than themass
of BNS, SNRs of the GW events observed by Taiji are all
higher than those observed by ET at the same redshift.
In Fig. 3, we show the GW standard sirens simulated

from ET and Taiji. The central values and errors of dL are
shown in both the left and right panels. The difference
between these two panels is that the central values in the left
panel are directly obtained by theoretical calculations of the
fiducial model, while the central values in the right panel
are randomly chosen in the ranges of [dL − σdL , dL þ σdL ]
with Gaussian distribution. In principle, the right panel is
more representative of actual observational data, but the
central values of dL have no effect on determining the
absolute errors of cosmological parameters. Therefore, we
only use the data points in the left panel to constrain the
cosmological models, because this is more helpful in
investigating how the parameter degeneracies are broken.
We see that the measurement errors of dL from Taiji are
smaller than those from ET at similar redshifts. This is due
to the fact that the instrumental error of dL is inversely
proportional to SNR [86], and SNRs of MBHB merger
events are larger than those of BNS merger events.
Although we additionally take into account the redshift
error for Taiji, there still exist differences of several orders
of magnitude in ΔdL between Taiji and ET.

III. 21-CM INTENSITY MAPPING SURVEY

The 21-cm IM surveys will also be developed into a
powerful cosmological probe. In this paper, we consider
the SKA1-MID array with 133 15-m SKA dishes and

64 13.5-m MeerKAT dishes as the representatives of the
21-cm IM experiments. For simplicity, we assume both
MeerKAT and SKA are 15-meter dishes, and thus directly
consider 197 15-m dishes. Note that we only consider the
Wide Band 1 Survey of the SKA1-MID array (with the
redshift range of 0.35 < z < 3) with perfect foreground
removal and calibration. In the following, we shall briefly
introduce the signal power spectrum and the noise power
spectrum.
The mean 21-cm brightness temperature is given by [63]

T̄bðzÞ ¼ 180ΩHIðzÞh
ð1þ zÞ2
HðzÞ=H0

mK; ð22Þ

where h is the dimensionless Hubble constant. ΩHIðzÞ is
derived from a simulated HI halo mass function, written as

ΩHIðzÞ≡ ð1þ zÞ−3ρHIðzÞ=ρc;0; ð23Þ

where ρc;0 is the critical density today. ρHIðzÞ is the proper
HI density, calculated by

ρHIðzÞ ¼
Z

Mmax

Mmin

dM
dn
dM

MHIðM; zÞ; ð24Þ

where M is the mass of the dark matter halo, dn=dM is the
proper halo mass function, and MHIðM; zÞ is the HI mass
in a halo of mass M at redshift z. For detailed calculations,
see Ref. [96].
Considering the effect of redshift space distortions

(RSDs) [97] caused by the peculiar velocities of the HI
clouds and the galaxies in which they reside, the signal
power spectrum can be written as [96,98]

FIG. 3. GW standard sirens simulated for ET and Taiji. The blue data points represent the 1000 standard sirens within the 10-year
observation of ET, and the orange data points represent the 41 standard sirens within the 5-year observation of Taiji, based on the Q3nod
model of MBHB population. Left panel: the standard siren data points without Gaussian randomness, where the central value of the
luminosity distance is calculated by the fiducial cosmological model, and the solid green line represents the dLðzÞ curve predicted by the
fiducial model. Right panel: the standard siren data points with Gaussian randomization, reflecting the fluctuations in measured values
resulting from actual observations.
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PSðkf ; μf ; zÞ ¼ T̄2
bðzÞ

D2
AðzÞfHðzÞ

D2
AðzÞHðzÞf

b2HIðzÞ½1þ βHIðzÞμ2�2

× exp ð−k2μ2σ2NLÞPðk; zÞ; ð25Þ

where the subscript “f” denotes the quantities calculated in
the fiducial cosmology and DAðzÞ is the angular diameter
distance. μ is defined as μ ¼ k̂ · ẑ. bHIðzÞ is the HI bias
calculated by

bHIðzÞ ¼ ρ−1HIðzÞ
Z

Mmax

Mmin

dM
dn
dM

MHIðM; zÞbðM; zÞ; ð26Þ

where bðM; zÞ is the halo bias (for the detailed calculation,
see Ref. [74]). βHI ≡ f=bHI is the RSD parameter,
where f ≡ d lnD=d ln a is the linear growth rate [with
a ¼ 1=ð1þ zÞ being the scale factor]. The exponential
term accounts for the “Fingers of God” effect and
σNL ¼ 7 Mpc is the nonlinear dispersion scale [99].
Pðk; zÞ ¼ D2ðzÞPðk; z ¼ 0Þ, with DðzÞ being the growth
factor and Pðk; z ¼ 0Þ being the matter power spectrum at
z ¼ 0 that can be generated by CAMB [100].
Next, we consider the thermal noise and the effective

beams. The frequency resolution of IM survey performs
very well due to the narrow channel bandwidths of SKA’s
receivers, so we ignore the instrumental response function
in the radial direction and only consider the response due to
the finite angular resolution

W2ðkÞ ¼ exp

�
−k2⊥r2ðzÞ

�
θBffiffiffiffiffiffiffiffiffiffiffi
8 ln 2

p
�

2
�
; ð27Þ

where k⊥ is the transverse wave vector, rðzÞ is the comoving
radial distance at redshift z, and θB is the fullwidth at the half-
maximum of the beam of an individual dish.
The survey volume of a redshift bin between z1 and z2

can be written as

Vsur ¼ Ωtot

Z
z2

z1

dz
r2ðzÞ
HðzÞ ; ð28Þ

where Ωtot ¼ Sarea is the solid angle of the survey area. The
pixel volume Vpix is also calculated with the similar
formula with Ωtot substituted by Ωpix ≃ 1.13θ2B.
For the SKA1-MID array, the pixel noise is given by [96]

σpix ¼
Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δνttotðθ2B=SareaÞ
p λ2

Aeθ
2
B

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NdishNbeam

p ; ð29Þ

where Tsys is the system temperature; Ndish ¼ 197 is the
number of dishes; Nbeam ¼ 1 is the number of beam; ttot ¼
10000 h is the total integration time; Ae ≡ ηπðDdish=2Þ2 is
the effective collecting area of each element; θB ≈ λ=Ddish;
Ddish ¼ 15 m is the diameter of the dish; η is an efficiency
factor (we adopt 0.7 in this work) and Sarea ¼ 20000 deg2

is the survey area.

The system temperature of the SKA1-MID array can be
divided into four parts [70],

Tsys ¼ Trec þ Tspl þ TCMB þ Tgal; ð30Þ

where Tspl ≈ 3 K is the contribution from spill-over,
TCMB ≈ 2.73 K is the CMB temperature, Tgal ≈ 25 K ×
ð408 MHz=νÞ2.75 is the contribution from the Milky Way
for a given frequency ν, and Trec is the receiver temperature
which is assumed to be [70]

Trec ¼ 15 Kþ 30 K

�
ν

GHz
− 0.75

�
2

: ð31Þ

Finally, the noise power spectrum is given by

PNðkÞ ¼ σ2pixVpixW−2ðkÞ; ð32Þ

and the Fisher matrix for a set of parameters fpg is given
by [101]

Fij ¼
1

8π2

Z
1

−1
dμ

Z
kmax

kmin

k2dk
∂ lnPS

∂pi

∂ lnPS

∂pj
Veff ; ð33Þ

where the “effective volume” is defined as [96,102]

Veff ¼ Vsur

�
PS

PS þ PN

�
2

: ð34Þ

In this work, we assume that bHI only depends on
the redshift z. This assumption is appropriate only for
large scales, so we impose a nonlinear cutoff at kmax ≃
0.14ð1þ zÞ2=3 Mpc−1 [103]. In addition, the largest scale
probed by the survey corresponds to a wave vector kmin ≃
2π=V1=3

sur [103]. We choose the parameter set fpg as
fDAðzÞ; HðzÞ; ½fσ8�ðzÞ; ½bHIσ8�ðzÞ; σNLg, and use only
the forecasted observable parameters fDAðzÞ; HðzÞ;
½fσ8�ðzÞg to constrain cosmological models.
The method of making forecast for cosmological param-

eter estimation using 21-cm IM surveys has been described
in detail in Refs. [96,104], and we follow the methods
described in Refs. [96,104] to perform the forecast for
SKA1-MID. First, we measure the full anisotropic power
spectrum to obtain the constraints on the angular diameter
distance DAðzÞ, the Hubble parameter HðzÞ, and the RSD
observable ½fσ8�ðzÞ, which are considered to be indepen-
dent in each redshift bin. Then, we invert the Fisher matrix
to obtain covariance matrices for fDAðzjÞ; HðzjÞ, and
½fσ8�ðzjÞ; j ¼ 1…Ng in a series of N redshift bins fzjg.
Finally, we use these covariance matrices and the fiducial
cosmology to generate the mock data of SKA1-MID.
The forecasted data of DAðzÞ, HðzÞ, and [fσ8�ðzÞ are
shown in Fig. 4.

HOW CAN GRAVITATIONAL-WAVE STANDARD SIRENS AND 21- … PHYS. REV. D 104, 103507 (2021)

103507-7



IV. COSMOLOGICAL PARAMETER ESTIMATION

In this section, we shall report the constraint results of
cosmological parameters. Here we consider three typical
dark energy models, i.e., the ΛCDM model [wðzÞ ¼ −1],

the wCDM model [wðzÞ ¼ constant], and the CPL model
[wðzÞ ¼ w0 þ waz=ð1þ zÞ]. We use the simulated standard
siren data and the 21-cm IM data to perform the Markov-
chain Monte Carlo analysis [105] to constrain these three
cosmological models. The constraint results are shown in
Figs. 5–7 and summarized in Table I. Note here that we use
SKA to denote the 21-cm IM surveys of the SKA1-MID

FIG. 5. Two-dimensional marginalized contours (68.3% and
95.4% confidence level) in the Ωm–H0 plane by using the ET,
ETþ Taiji, SKA, and ETþ Taijiþ SKA data.

FIG. 4. Forecasted data of DAðzÞ, HðzÞ, and [fσ8�ðzÞ as
functions of redshift based on the 10000-h total integration time
of SKA1-MID. The fiducial values are shown as the solid
blue lines.

FIG. 6. The two-dimensional marginalized contours (68.3%
and 95.4% confidence level) in the w–Ωm and w–H0 planes by
using the ET, ETþ Taiji, SKA, and ETþ Taijiþ SKA data.
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array, and use ETþ Taiji to denote the combination
of the standard siren observations from ET and Taiji. We
use σðξÞ and εðξÞ to represent the absolute and relative
errors of the parameter ξ, respectively, with εðξÞ defined
as εðξÞ ¼ σðξÞ=ξ.
From Figs. 5–7, we see that the addition of the Taiji data

to the ET data could improve the constraints on the
cosmological parameters to some extent. Concretely, for
example, in the ΛCDM model, the constraint on H0 could
be improved by 20.0% when adding the Taiji data to the ET
data. For the dark-energy EoS parameters, ETþ Taiji could
improve the constraints on w by 30.0% in the wCDM
model, and on w0 and wa by 12.9% and 13.1% in the CPL
model, compared with the ET data.

In Fig. 5, we show the constraints on theΛCDMmodel in
the Ωm–H0 plane from the ET, ETþ Taiji, SKA, and ETþ
Taijiþ SKA data. The contours of SKA and ETþ Taiji
show different degeneracy orientations and thus the combi-
nation of them could break the parameter degeneracies.
We also see that ETþ Taiji could provide a tight constraint
on H0, σðH0Þ ¼ 0.44 km s−1 Mpc−1, comparable with the
result of σðH0Þ ¼ 0.42 km s−1Mpc−1 by Planck 2018
TT;TE;EEþ lowEþ lensingþ BAO data. SKA gives
σðΩmÞ ¼ 0.006 that is comparable with the result of
σðΩmÞ ≈ 0.006 by the Planck 2018 TT;TE;EEþ lowEþ
lensingþ BAOdata [3]. The combination of ETþ Taiji and
SKA gives tighter constraints on bothH0 and Ωm. The joint
constraint gives the results of σðH0Þ ¼ 0.28 km s−1Mpc−1

and σðΩmÞ ¼ 0.005, which are better than the results of
σðH0Þ ¼ 0.40 km s−1 Mpc−1 and σðΩmÞ ¼ 0.0054 by the
Planck 2018 TT;TE;EEþ lowEþ lensingþ SNeþ BAO
data [53]. What’s more, with the joint data, the constraint
precision ofH0 is 0.4%, and the constraint precision ofΩm is
1.5% (rather close to 1%), indicating that standard sirens and
21-cm IM could jointly provide a precise late-universe
cosmological probe.
In Fig. 6, we show the constraint results for the wCDM

model in the w–Ωm and w–H0 planes. We clearly see that
the parameter degeneracy orientations of SKA and ETþ
Taiji are almost orthogonal in the w–Ωm plane and thus the
combination of them could significantly break the para-
meter degeneracies. Also, we see that SKA could tightly
constrain Ωm and w, while ETþ Taiji could tightly con-
strain H0, and thus the combination of them could tightly
constrain all of these three parameters. Concretely, with the
ETþ Taiji data, the constraint precision of Ωm, H0, and w
is 5.0%, 0.9%, and 8.3%, respectively. With the SKA data,
the constraint precision of Ωm, H0, and w is 2.1%, 1.0%,
and 3.3%, respectively. The joint constraint gives
σðwÞ ¼ 0.028, which is better than the result of σðwÞ ¼
0.032 by the Planck 2018 TT;TE;EEþ lowEþ lensingþ
SNeþ BAO data [3]. With the joint data, the constraint
precision of Ωm, H0, and w is 1.6%, 0.6%, and 2.8%,
respectively.
InFig. 7,we show the case for theCPLmodel in thew0–wa

plane. We find that ETþ Taiji and SKA show different
parameter degeneracy orientations and thus the combination
of them could break the parameter degeneracies. Concretely,
the joint constraints give the results σðw0Þ ¼ 0.077 and
σðwaÞ ¼ 0.295, which are comparable with the results of
σðw0Þ ¼ 0.077 and σðwaÞ ¼ 0.290 by the Planck 2018
TT;TE;EEþ lowEþ lensingþ SNeþ BAO data [3].
In the next decade, some other promising cosmological

probes, e.g., fast radio bursts (FRBs), time-delay cosmog-
raphy, galaxy clustering (GC), and weak lensing (WL), will
also be greatly developed. Some forecasts for cosmological
parameter estimation using these cosmological probes have
been made. For example, the constraint precision of w in the
wCDM could reach 4.3% using the combination of 10000

FIG. 7. The two-dimensional marginalized contours (68.3%
and 95.4% confidence level) in the w0–wa plane by using the ET,
ETþ Taiji, SKA, and ETþ Taijiþ SKA data.

TABLE I. The absolute errors (1σ) and the relative errors of the
cosmological parameters in theΛCDM, wCDM, and CPL models
using the ET, ETþ Taiji, SKA, and ETþ Taijiþ SKA data.
Here H0 is in units of km s−1 Mpc−1.

Model Error ET ETþ Taiji SKA ETþ Taijiþ SKA

ΛCDM σðΩmÞ 0.014 0.012 0.006 0.005
σðH0Þ 0.55 0.44 0.51 0.28
εðΩmÞ 0.044 0.038 0.020 0.015
εðH0Þ 0.008 0.007 0.008 0.004

wCDM σðΩmÞ 0.018 0.016 0.007 0.005
σðH0Þ 0.92 0.63 0.67 0.40
σðwÞ 0.120 0.084 0.033 0.028
εðΩmÞ 0.056 0.050 0.021 0.016
εðH0Þ 0.014 0.009 0.010 0.006
εðwÞ 0.115 0.083 0.033 0.028

CPL σðΩmÞ 0.158 0.157 0.015 0.009
σðH0Þ 1.42 1.11 1.00 0.63
σðw0Þ 0.248 0.216 0.105 0.077
σðwaÞ 1.800 1.565 0.410 0.295
εðΩmÞ 0.499 0.496 0.050 0.030
εðH0Þ 0.021 0.016 0.015 0.009
εðw0Þ 0.248 0.215 0.119 0.075
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localized FRBs and CMB [106]; the constraint precision of
H0 in the ΛCDM model could achieve 1.3% using the
measurements ofDΔt andDd of 20 lensed supernovae [107].
Using all cosmological probes considered in the Euclid
analysis [GCs ðspectroscopic galaxy clusteringÞ þWLþ
GCp ðphotometric galaxy clusteringÞ þ GCp ×WL (cross-
correlations betweenGCp andWL)], the constraint precision
of w0 in the CPL model could achieve 3.8%, and the
constraint precision ofH0 in theΛCDMmodel could achieve
0.54% [108]. In our future works, we will study how the
combinations of these promising cosmological probes could
break the cosmological parameter degeneracies.

V. CONCLUSION

As two promising cosmological probes, standard sirens
and 21-cm IM could play a crucial role in the cosmological
parameter estimation. Hence, we wish to investigate the
capability of estimating cosmological parameters using the
combination of these two promising cosmological probes.
In this work, we simulate the standard siren data based on
the 10-year operation time of ET and the 5-year operation
time of Taiji, and simulate the 21-cm IM data based on the
10000-h total integration time of SKA assuming perfect
foreground removal and calibration. By comparing the
results of ETþ Taijiþ SKA with those of ETþ Taiji and
SKA, we find that standard sirens and 21-cm IM could
jointly provide a precise late-universe cosmological probe.
In the ΛCDM model, using the joint data, the constraint
precision of H0 is 0.4% (less than 1%), and the constraint
precision of Ωm is 1.5% (around 1%), indicating that the
precision cosmology using these two promising cosmo-
logical probes is worth expecting.
In addition, we find that these two cosmological probes

could effectively break the parameter degeneracies. Taking
the wCDMmodel as an example, the parameter degeneracy
orientations of ETþ Taiji and SKA are almost orthogonal
in the w–H0 plane and thus the combination of them could
significantly break the parameter degeneracies. This
implies that standard sirens and 21-cm IM could comple-
ment each other. Actually, the standard siren could directly
measure dLðzÞ, thus providing a powerful constraint onH0,

while the measurement of BAO by 21-cm IM with a large
survey volume could provide the information of HðzÞ,
which could constrain wðzÞ well. Hence, the combination
of standard siren and 21-cm IM could tightly constrain
both the Hubble constant and EoS of dark energy. The joint
data of ETþ Taijiþ SKA could give the constraint
σðwÞ ¼ 0.028, which is better than the result of Planck
2018 TT;TE;EEþ lowEþ lensingþ SNeþ BAO, pro-
viding a powerful late-universe cosmological probe.
The improvements of cosmological constraints due to the

synergy between standard sirens and 21-cm IMcould also be
seen in the CPL model. The joint data of ETþ Taijiþ SKA
could give tight constraints on H0, w0, and wa at the same
time, with σðH0Þ ¼ 0.63 km s−1 Mpc−1, σðw0Þ ¼ 0.077,
and σðwaÞ ¼ 0.295, which are comparable with the results
of Planck 2018 TT;TE;EEþ lowEþ lensingþSNeþBAO.
Therefore, we can conclude that standard sirens and 21-cm
IM could jointly provide a precise late-universe cosmologi-
cal probe.
In the next decades, the fourth-generation dark-energy

programs such as LSST [109], Euclid [110], and WFRST
[111] will be implemented, and the cosmological probes
based on the optical observations will be greatly developed.
In addition, the lower frequency (nano-Hz) GWs produced
by the inspiralling of supermassive black hole binaries
could be detected by the global network of pulsar timing
array [112]. The multiband GW observations combined
with the optical, near-infrared, and radio observations will
usher in a new era of cosmology.

ACKNOWLEDGMENTS

We thank Ze-Wei Zhao, Jing-Zhao Qi, Hai-Li Li, Ming
Zhang, Ji-Guo Zhang, and Yu Cui for helpful discussions.
This work was supported by the National Natural Science
Foundation of China (Grants No. 11975072,
No. 11835009, No. 11875102, and No. 11690021), the
Liaoning Revitalization Talents Program (Grant
No. XLYC1905011), the Fundamental Research Funds
for the Central Universities (Grant No. N2005030), and
the National 111 Project of China\ (Grant No. B16009).

[1] C. L. Bennett et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 148, 1 (2003).

[2] D. N. Spergel et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 148, 175 (2003).

[3] N. Aghanim et al. (Planck Collaboration), Astron.
Astrophys. 641, A6 (2020).

[4] A. G. Riess, S. Casertano, W. Yuan, J. B. Bowers, L. Macri,
J. C. Zinn, andD.Scolnic,Astrophys. J. Lett.908, L6 (2021).

[5] R.-G. Cai, Sci. China Phys. Mech. Astron. 63, 290401
(2020).

[6] R.-Y. Guo, J.-F. Zhang, and X. Zhang, J. Cosmol.
Astropart. Phys. 02 (2019) 054.

[7] R.-Y. Guo, J.-F. Zhang, and X. Zhang, Sci. China Phys.
Mech. Astron. 63, 290406 (2020).

[8] W.Yang, S. Pan, E. Di Valentino, R. C. Nunes, S. Vagnozzi,
and D. F. Mota, J. Cosmol. Astropart. Phys. 09 (2018) 019.

JIN, WANG, WU, ZHANG, and ZHANG PHYS. REV. D 104, 103507 (2021)

103507-10

https://doi.org/10.1086/377253
https://doi.org/10.1086/377253
https://doi.org/10.1086/377226
https://doi.org/10.1086/377226
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.3847/2041-8213/abdbaf
https://doi.org/10.1007/s11433-020-1540-4
https://doi.org/10.1007/s11433-020-1540-4
https://doi.org/10.1088/1475-7516/2019/02/054
https://doi.org/10.1088/1475-7516/2019/02/054
https://doi.org/10.1007/s11433-019-1514-0
https://doi.org/10.1007/s11433-019-1514-0
https://doi.org/10.1088/1475-7516/2018/09/019


[9] S. Vagnozzi, Phys. Rev. D 102, 023518 (2020).
[10] E. Di Valentino, A. Melchiorri, O. Mena, and S. Vagnozzi,

Phys. Rev. D 101, 063502 (2020).
[11] E. Di Valentino, A. Melchiorri, O. Mena, and S. Vagnozzi,

Phys. Dark Universe 30, 100666 (2020).
[12] M. Liu, Z. Huang, X. Luo, H. Miao, N. K. Singh, and L.

Huang, Sci. China Phys. Mech. Astron. 63, 290405 (2020).
[13] X. Zhang and Q.-G. Huang, Sci. China Phys. Mech.

Astron. 63, 290402 (2020).
[14] Q. Ding, T. Nakama, and Y. Wang, Sci. China Phys. Mech.

Astron. 63, 290403 (2020).
[15] L. Feng, D.-Z. He, H.-L. Li, J.-F. Zhang, and X. Zhang,

Sci. China Phys. Mech. Astron. 63, 290404 (2020).
[16] M.-X. Lin, W. Hu, and M. Raveri, Phys. Rev. D 102,

123523 (2020).
[17] H. Li and X. Zhang, Sci. Bull. 65, 1419 (2020).
[18] A. Hryczuk and K. Jodłowski, Phys. Rev. D 102, 043024

(2020).
[19] L.-Y. Gao, Z.-W. Zhao, S.-S. Xue, and X. Zhang,

J. Cosmol. Astropart. Phys. 07 (2021) 005.
[20] L.-F. Wang, D.-Z. He, J.-F. Zhang, and X. Zhang, arXiv:

2102.09331.
[21] R.-G. Cai, Z.-K. Guo, L. Li, S.-J. Wang, and W.-W. Yu,

Phys. Rev. D 103, L121302 (2021).
[22] S. Vagnozzi, F. Pacucci, and A. Loeb, arXiv:2105.10421

[Phys. Rev. Lett. (to be published)].
[23] S. Vagnozzi, Phys. Rev. D 104, 063524 (2021).
[24] L. Verde, T. Treu, and A. G. Riess, Nat. Astron. 3, 891

(2019).
[25] A. G. Riess, Nat. Rev. Phys. 2, 10 (2020).
[26] B. F. Schutz, Nature (London) 323, 310 (1986).
[27] D. E. Holz and S. A. Hughes, Astrophys. J. 629, 15 (2005).
[28] B. Abbott et al. (LIGO Scientific, Virgo Collaboration),

Phys. Rev. Lett. 119, 161101 (2017).
[29] B. P. Abbott et al. (LIGO Scientific, Virgo, Fermi-GBM,

INTEGRAL Collaborations), Astrophys. J. Lett. 848, L13
(2017).

[30] B. Abbott et al. (LIGO Scientific, Virgo, Fermi GBM,
INTEGRAL, IceCube, AstroSat Cadmium Zinc Telluride
Imager Team, IPN, Insight-Hxmt, ANTARES, Swift,
AGILE Team, 1M2H Team, Dark Energy Camera
GW-EM, DES, DLT40, GRAWITA, Fermi-LAT, ATCA,
ASKAP, Las Cumbres Observatory Group, OzGrav, DWF
(Deeper Wider Faster Program), AST3, CAASTRO,
VINROUGE, MASTER, J-GEM, GROWTH, JAGWAR,
CaltechNRAO, TTU-NRAO, NuSTAR, Pan-STARRS,
MAXI Team, TZAC Consortium, KU, Nordic Optical
Telescope, ePESSTO, GROND, Texas Tech University,
SALT Group, TOROS, BOOTES, MWA, CALET, IKI-
GW Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre
Auger, ALMA, Euro VLBI Team, Pi of Sky, Chandra
Team at McGill University, DFN, ATLAS Telescopes,
High Time Resolution Universe Survey, RIMAS, RATIR,
SKA South Africa/MeerKAT Collaborations), Astrophys.
J. Lett. 848, L12 (2017).

[31] B. Abbott et al. (LIGO Scientific, Virgo, 1M2H, Dark
Energy Camera GW-E, DES, DLT40, Las Cumbres
Observatory, VINROUGE, MASTER Collaborations),
Nature (London) 551, 85 (2017).

[32] H.-Y. Chen, M. Fishbach, and D. E. Holz, Nature (London)
562, 545 (2018).

[33] R.-G. Cai, T.-B. Liu, and S.-J. Wang, Phys. Rev. D 97,
023027 (2018).

[34] E. Di Valentino and A. Melchiorri, Phys. Rev. D 97,
041301 (2018).

[35] W. Yang, S. Vagnozzi, E. Di Valentino, R. C. Nunes, S.
Pan, and D. F. Mota, J. Cosmol. Astropart. Phys. 07 (2019)
037.

[36] W. Zhao, B. S. Wright, and B. Li, J. Cosmol. Astropart.
Phys. 10 (2018) 052.

[37] E. Di Valentino, D. E. Holz, A. Melchiorri, and F. Renzi,
Phys. Rev. D 98, 083523 (2018).

[38] R. Gray et al., Phys. Rev. D 101, 122001 (2020).
[39] H.-Y. Chen, Phys. Rev. Lett. 125, 201301 (2020).
[40] H.-Y. Chen, P. S. Cowperthwaite, B. D. Metzger, and E.

Berger, Astrophys. J. Lett. 908, L4 (2021).
[41] H.-Y. Chen, C.-J. Haster, S. Vitale, W.M. Farr, and M. Isi,

arXiv:2009.14057.
[42] X. Zhang, Sci. China Phys. Mech. Astron. 62, 110431

(2019).
[43] L.-F. Wang, X.-N. Zhang, J.-F. Zhang, and X. Zhang, Phys.

Lett. B 782, 87 (2018).
[44] X.-N. Zhang, L.-F. Wang, J.-F. Zhang, and X. Zhang, Phys.

Rev. D 99, 063510 (2019).
[45] H.-L. Li, D.-Z. He, J.-F. Zhang, and X. Zhang, J. Cosmol.

Astropart. Phys. 06 (2020) 038.
[46] J.-F. Zhang, M. Zhang, S.-J. Jin, J.-Z. Qi, and X. Zhang,

J. Cosmol. Astropart. Phys. 09 (2019) 068.
[47] J.-F. Zhang, H.-Y. Dong, J.-Z. Qi, and X. Zhang, Eur. Phys.

J. C 80, 217 (2020).
[48] L.-F. Wang, Z.-W. Zhao, J.-F. Zhang, and X. Zhang,

J. Cosmol. Astropart. Phys. 11 (2020) 012.
[49] Z.-W. Zhao, L.-F. Wang, J.-F. Zhang, and X. Zhang, Sci.

Bull. 65, 1340 (2020).
[50] S.-J. Jin, D.-Z. He, Y. Xu, J.-F. Zhang, and X. Zhang,

J. Cosmol. Astropart. Phys. 03 (2020) 051.
[51] L.-F. Wang, S.-J. Jin, J.-F. Zhang, and X. Zhang, Sci.

China Phys. Mech. Astron. 65, 210411 (2022).
[52] J.-Z. Qi, S.-J. Jin, X.-L. Fan, J.-F. Zhang, and X. Zhang,

arXiv:2102.01292 [Phys. Rev. D (to be published)].
[53] T. Yang, J. Cosmol. Astropart. Phys. 05 (2021) 044.
[54] J. Yu, H. Song, S. Ai, H. Gao, F. Wang, Y. Wang, Y. Lu, W.

Fang, and W. Zhao, Astrophys. J. 916, 54 (2021).
[55] B. P. Abbott et al. (LIGO Scientific Collaboration),

Classical Quant. Grav. 34, 044001 (2017).
[56] M. Punturo et al., Classical Quant. Grav. 27, 194002

(2010).
[57] P. Amaro-Seoane et al. (LISA Collaboration), arXiv:

1702.00786.
[58] J. Luo et al., Classical Quant. Grav. 37, 185013 (2020).
[59] J. Mei et al. (TianQin Collaboration), Prog. Theor. Exp.

Phys. 2021, 05A107 (2021).
[60] W.-R. Hu and Y.-L. Wu, Natl. Sci. Rev. 4, 685

(2017).
[61] W.-H. Ruan, Z.-K. Guo, R.-G. Cai, and Y.-Z. Zhang, Int. J.

Mod. Phys. A 35, 2050075 (2020).
[62] Y.-L. Wu, Z.-R. Luo, J.-Y. Wang et al. (Taiji Sci Collabo-

ration), Commun. Phys. 4, 34 (2021).

HOW CAN GRAVITATIONAL-WAVE STANDARD SIRENS AND 21- … PHYS. REV. D 104, 103507 (2021)

103507-11

https://doi.org/10.1103/PhysRevD.102.023518
https://doi.org/10.1103/PhysRevD.101.063502
https://doi.org/10.1016/j.dark.2020.100666
https://doi.org/10.1007/s11433-019-1509-5
https://doi.org/10.1007/s11433-019-1504-8
https://doi.org/10.1007/s11433-019-1504-8
https://doi.org/10.1007/s11433-020-1531-0
https://doi.org/10.1007/s11433-020-1531-0
https://doi.org/10.1007/s11433-019-1511-8
https://doi.org/10.1103/PhysRevD.102.123523
https://doi.org/10.1103/PhysRevD.102.123523
https://doi.org/10.1016/j.scib.2020.04.038
https://doi.org/10.1103/PhysRevD.102.043024
https://doi.org/10.1103/PhysRevD.102.043024
https://doi.org/10.1088/1475-7516/2021/07/005
https://arXiv.org/abs/2102.09331
https://arXiv.org/abs/2102.09331
https://doi.org/10.1103/PhysRevD.103.L121302
https://arXiv.org/abs/2105.10421
https://doi.org/10.1103/PhysRevD.104.063524
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1038/s42254-019-0137-0
https://doi.org/10.1038/323310a0
https://doi.org/10.1086/431341
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.1038/nature24471
https://doi.org/10.1038/s41586-018-0606-0
https://doi.org/10.1038/s41586-018-0606-0
https://doi.org/10.1103/PhysRevD.97.023027
https://doi.org/10.1103/PhysRevD.97.023027
https://doi.org/10.1103/PhysRevD.97.041301
https://doi.org/10.1103/PhysRevD.97.041301
https://doi.org/10.1088/1475-7516/2019/07/037
https://doi.org/10.1088/1475-7516/2019/07/037
https://doi.org/10.1088/1475-7516/2018/10/052
https://doi.org/10.1088/1475-7516/2018/10/052
https://doi.org/10.1103/PhysRevD.98.083523
https://doi.org/10.1103/PhysRevD.101.122001
https://doi.org/10.1103/PhysRevLett.125.201301
https://doi.org/10.3847/2041-8213/abdab0
https://arXiv.org/abs/2009.14057
https://doi.org/10.1007/s11433-019-9445-7
https://doi.org/10.1007/s11433-019-9445-7
https://doi.org/10.1016/j.physletb.2018.05.027
https://doi.org/10.1016/j.physletb.2018.05.027
https://doi.org/10.1103/PhysRevD.99.063510
https://doi.org/10.1103/PhysRevD.99.063510
https://doi.org/10.1088/1475-7516/2020/06/038
https://doi.org/10.1088/1475-7516/2020/06/038
https://doi.org/10.1088/1475-7516/2019/09/068
https://doi.org/10.1140/epjc/s10052-020-7767-3
https://doi.org/10.1140/epjc/s10052-020-7767-3
https://doi.org/10.1088/1475-7516/2020/11/012
https://doi.org/10.1016/j.scib.2020.04.032
https://doi.org/10.1016/j.scib.2020.04.032
https://doi.org/10.1088/1475-7516/2020/03/051
https://doi.org/10.1007/s11433-021-1736-6
https://doi.org/10.1007/s11433-021-1736-6
https://arXiv.org/abs/2102.01292
https://doi.org/10.1088/1475-7516/2021/05/044
https://doi.org/10.3847/1538-4357/ac0628
https://doi.org/10.1088/1361-6382/aa51f4
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/27/19/194002
https://arXiv.org/abs/1702.00786
https://arXiv.org/abs/1702.00786
https://doi.org/10.1088/1361-6382/aba66a
https://doi.org/10.1093/ptep/ptaa114
https://doi.org/10.1093/ptep/ptaa114
https://doi.org/10.1093/nsr/nwx116
https://doi.org/10.1093/nsr/nwx116
https://doi.org/10.1142/S0217751X2050075X
https://doi.org/10.1142/S0217751X2050075X
https://doi.org/10.1038/s42005-021-00529-z


[63] R. A. Battye, I. W. A. Browne, C. Dickinson, G. Heron, B.
Maffei, and A. Pourtsidou, Mon. Not. R. Astron. Soc. 434,
1239 (2013).

[64] C. Dickinson, arXiv:1405.7936.
[65] R. Nan, D. Li, C. Jin, Q. Wang, L. Zhu, W. Zhu, H. Zhang,

Y. Yue, and L. Qian, Int. J. Mod. Phys. D 20, 989 (2011).
[66] D. Li, R. Nan, and Z. Pan, IAU Symp. 291, 325 (2013).
[67] H.-R. Yu, U.-L. Pen, T.-J. Zhang, D. Li, and X. Chen, Res.

Astron. Astrophys. 17, 049 (2017).
[68] R. Braun, T. Bourke, J. A. Green, E. Keane, and J. Wagg,

Proc. Sci., AASKA14 (2015) 174.
[69] P. Bull, S. Camera, A. Raccanelli, C. Blake, P. Ferreira, M.

Santos, and D. J. Schwarz, Proc. Sci., AASKA14 (2015)
024.

[70] D. J. Bacon et al. (SKA Collaboration), Pub. Astron. Soc.
Aust. 37, e007 (2020).

[71] R. Braun, A. Bonaldi, T. Bourke, E. Keane, and J. Wagg,
arXiv:1912.12699.

[72] X. Chen, Sci. Sin. Phys. Mech. Astron. 41, 1358
(2011).

[73] X. Chen, Int. J. Mod. Phys. Conf. Ser. 12, 256 (2012).
[74] Y. Xu, X. Wang, and X. Chen, Astrophys. J. 798, 40

(2015).
[75] J.-F. Zhang, L.-Y. Gao, D.-Z. He, and X. Zhang, Phys. Lett.

B 799, 135064 (2019).
[76] J.-F. Zhang, B. Wang, and X. Zhang, Sci. China Phys.

Mech. Astron. 63, 280411 (2020).
[77] M. Zhang, B. Wang, P.-J. Wu, J.-Z. Qi, Y. Xu, J.-F. Zhang,

and X. Zhang, Astrophys. J. 918, 56 (2021).
[78] Y. Xu and X. Zhang, Sci. China Phys. Mech. Astron. 63,

270431 (2020).
[79] W. Zhao, C. Van Den Broeck, D. Baskaran, and T. Li,

Phys. Rev. D 83, 023005 (2011).
[80] B. Sathyaprakash and B. Schutz, Living Rev. Relativity 12,

2 (2009).
[81] L. Blanchet and B. R. Iyer, Phys. Rev. D 71, 024004

(2005).
[82] https://www.et-gw.eu/index.php/etsensitivities/.
[83] C. M. Hirata, D. E. Holz, and C. Cutler, Phys. Rev. D 81,

124046 (2010).
[84] L. Speri, N. Tamanini, R. R. Caldwell, J. R. Gair, and B.

Wang, Phys. Rev. D 103, 083526 (2021).
[85] B. Kocsis, Z. Frei, Z. Haiman, and K. Menou, Astrophys.

J. 637, 27 (2006).
[86] T. G. Li, Extracting Physics from Gravitational Waves:

Testing the Strong-Field Dynamics of General Relativity

and Inferring the Large-Scale Structure of the Universe
(Springer, New York, 2015).

[87] A. Klein et al., Phys. Rev. D 93, 024003 (2016).
[88] W.-H. Ruan, C. Liu, Z.-K. Guo, Y.-L. Wu, and R.-G. Cai,

Nat. Astron. 4, 108 (2020).
[89] C. Cutler, Phys. Rev. D 57, 7089 (1998).
[90] A. Krolak, K. D. Kokkotas, and G. Schaefer, Phys. Rev. D

52, 2089 (1995).
[91] A. Buonanno, B. Iyer, E. Ochsner, Y. Pan, and B.

Sathyaprakash, Phys. Rev. D 80, 084043 (2009).
[92] W.-F. Feng, H.-T. Wang, X.-C. Hu, Y.-M. Hu, and Y.

Wang, Phys. Rev. D 99, 123002 (2019).
[93] N. Tamanini, J. Phys. Conf. Ser. 840, 012029 (2017).
[94] T. Dahlen et al., Astrophys. J. 775, 93 (2013).
[95] O. Ilbert et al., Astron. Astrophys. 556, A55 (2013).
[96] P. Bull, P. G. Ferreira, P. Patel, and M. G. Santos,

Astrophys. J. 803, 21 (2015).
[97] N. Kaiser, Mon. Not. R. Astron. Soc. 227, 1 (1987).
[98] H.-J. Seo and D. J. Eisenstein, Astrophys. J. 598, 720

(2003).
[99] C. Li, Y. P. Jing, G. Kauffmann, G. Boerner, X. Kang, and

L. Wang, Mon. Not. R. Astron. Soc. 376, 984 (2007).
[100] A. Lewis, A. Challinor, and A. Lasenby, Astrophys. J. 538,

473 (2000).
[101] M. Tegmark, Phys. Rev. Lett. 79, 3806 (1997).
[102] A. Pourtsidou, D. Bacon, and R. Crittenden, Mon. Not. R.

Astron. Soc. 470, 4251 (2017).
[103] R. Smith, J. Peacock, A. Jenkins, S. White, C. Frenk, F.

Pearce, P. Thomas, G. Efstathiou, and H. Couchmann
(Virgo Consortium Collaboration), Mon. Not. R. Astron.
Soc. 341, 1311 (2003).

[104] A. Witzemann, P. Bull, C. Clarkson, M. G. Santos, M.
Spinelli, and A. Weltman, Mon. Not. R. Astron. Soc. 477,
L122 (2018).

[105] A. Lewis and S. Bridle, Phys. Rev. D 66, 103511 (2002).
[106] Z.-W. Zhao, Z.-X. Li, J.-Z. Qi, H. Gao, J.-F. Zhang, and X.

Zhang, Astrophys. J. 903, 83 (2020).
[107] S. H. Suyu et al., Astron. Astrophys. 644, A162 (2020).
[108] S. Ilić et al. (Euclid Collaboration), arXiv:2106.08346.
[109] P. A. Abell et al. (LSST Science, LSST Project Collabo-

rations), arXiv:0912.0201.
[110] R. Laureijs et al. (EUCLID Collaboration), arXiv:

1110.3193.
[111] D. Spergel et al., arXiv:1305.5422.
[112] M. Rajagopal and R.W. Romani, Astrophys. J. 446, 543

(1995).

JIN, WANG, WU, ZHANG, and ZHANG PHYS. REV. D 104, 103507 (2021)

103507-12

https://doi.org/10.1093/mnras/stt1082
https://doi.org/10.1093/mnras/stt1082
https://arXiv.org/abs/1405.7936
https://doi.org/10.1142/S0218271811019335
https://doi.org/10.1017/S1743921312024015
https://doi.org/10.1088/1674-4527/17/6/49
https://doi.org/10.1088/1674-4527/17/6/49
https://doi.org/10.22323/1.215.0174
https://doi.org/10.22323/1.215.0024
https://doi.org/10.22323/1.215.0024
https://doi.org/10.1017/pasa.2019.51
https://doi.org/10.1017/pasa.2019.51
https://arXiv.org/abs/1912.12699
https://doi.org/10.1360/132011-972
https://doi.org/10.1360/132011-972
https://doi.org/10.1142/S2010194512006459
https://doi.org/10.1088/0004-637X/798/1/40
https://doi.org/10.1088/0004-637X/798/1/40
https://doi.org/10.1016/j.physletb.2019.135064
https://doi.org/10.1016/j.physletb.2019.135064
https://doi.org/10.1007/s11433-019-1516-y
https://doi.org/10.1007/s11433-019-1516-y
https://doi.org/10.3847/1538-4357/ac0ef5
https://doi.org/10.1007/s11433-020-1544-3
https://doi.org/10.1007/s11433-020-1544-3
https://doi.org/10.1103/PhysRevD.83.023005
https://doi.org/10.12942/lrr-2009-2
https://doi.org/10.12942/lrr-2009-2
https://doi.org/10.1103/PhysRevD.71.024004
https://doi.org/10.1103/PhysRevD.71.024004
https://www.et-gw.eu/index.php/etsensitivities
https://www.et-gw.eu/index.php/etsensitivities
https://www.et-gw.eu/index.php/etsensitivities
https://www.et-gw.eu/index.php/etsensitivities
https://doi.org/10.1103/PhysRevD.81.124046
https://doi.org/10.1103/PhysRevD.81.124046
https://doi.org/10.1103/PhysRevD.103.083526
https://doi.org/10.1086/498236
https://doi.org/10.1086/498236
https://doi.org/10.1103/PhysRevD.93.024003
https://doi.org/10.1038/s41550-019-1008-4
https://doi.org/10.1103/PhysRevD.57.7089
https://doi.org/10.1103/PhysRevD.52.2089
https://doi.org/10.1103/PhysRevD.52.2089
https://doi.org/10.1103/PhysRevD.80.084043
https://doi.org/10.1103/PhysRevD.99.123002
https://doi.org/10.1088/1742-6596/840/1/012029
https://doi.org/10.1088/0004-637X/775/2/93
https://doi.org/10.1051/0004-6361/201321100
https://doi.org/10.1088/0004-637X/803/1/21
https://doi.org/10.1093/mnras/227.1.1
https://doi.org/10.1086/379122
https://doi.org/10.1086/379122
https://doi.org/10.1111/j.1365-2966.2007.11518.x
https://doi.org/10.1086/309179
https://doi.org/10.1086/309179
https://doi.org/10.1103/PhysRevLett.79.3806
https://doi.org/10.1093/mnras/stx1479
https://doi.org/10.1093/mnras/stx1479
https://doi.org/10.1046/j.1365-8711.2003.06503.x
https://doi.org/10.1046/j.1365-8711.2003.06503.x
https://doi.org/10.1093/mnrasl/sly062
https://doi.org/10.1093/mnrasl/sly062
https://doi.org/10.1103/PhysRevD.66.103511
https://doi.org/10.3847/1538-4357/abb8ce
https://doi.org/10.1051/0004-6361/202037757
https://arXiv.org/abs/2106.08346
https://arXiv.org/abs/0912.0201
https://arXiv.org/abs/1110.3193
https://arXiv.org/abs/1110.3193
https://arXiv.org/abs/1305.5422
https://doi.org/10.1086/175813
https://doi.org/10.1086/175813

