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ABSTRACT

Context. The determination of the spatial geometry of the Universe plays an important role in modern cosmology. Any deviation from
the cosmic curvature Qg = 0 would have a profound impact on the primordial inflation paradigm and fundamental physics.

Aims. In this paper, we carry out a systematic study of the prospect of measuring the cosmic curvature with the inspiral signal of
supermassive black hole binaries (SMBHBs) that could be detected with TianQin.

Methods. The study is based on a method that is independent of cosmological models. It extended the application of gravitational
wave (GW) standard sirens in cosmology. By comparing the distances from future simulated GW events and simulated H(z) data,
we evaluated whether TianQin produced robust constraints on the cosmic curvature parameter ;. More specifically, we considered
three-year to ten-year observations of supermassive black hole binaries with total masses ranging from 10°> M, to 107 M,,.

Results. Our results show that in the future, with the synergy of ten-year high-quality observations, we can tightly constrain the
curvature parameter at the level of 1o €, = —0.002 + 0.061. Moreover, our findings indicate that the total mass of SMBHB does
influence the estimation of cosmic curvature, as implied by the analysis performed on different subsamples of gravitational wave data.
Conclusions. Therefore, TianQin is expected to provide a more powerful and competitive probe of the spatial geometry of the
Universe, compared to future spaced-based detectors such as DECIGO.
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1. Introduction

As a successful gravity theory in which general coordinate
invariance plays an essential role, Einstein’s theory of General
Relativity (GR) has passed all observational test so far, rang-
ing from submillimeter (Li et al. 2003, 2008) to galactic scales
(Caoetal. 2017). In recent years, the appearance of gravita-
tional waves (GWs) has provided us with a new window for
studying cosmology. Prior to the detection of GWs, all cosmo-
logical parameter inferences were made using electromagnetic
(EM) radiation from extragalactic sources. Currently, we can
detect GWs produced by inspiraling binary systems that provide
absolute distance information (Schutz 1986). Therefore, we can
use these binary systems as standard sirens. Gravitational waves
have been applied in various ways in cosmology (Zhao et al.
2011; Cai & Yang 2017; Liao 2019a,b; Liao et al. 2017a, 2022;
He et al. 2022; Pan et al. 2021; Zhang et al. 2023).

Fortunately, since the successful detection of the first GW
event by the advanced Laser Interferometer Gravitational-Wave
Observatory (LIGO) (GW150914; Abbott et al. 2016a,b,c,d,
2017a,b,c), several GW events from mergers of binary black
holes (Abbott et al. 2016¢,d) and one GW event that was accom-

panied by an electromagnetic counterpart from the merger of
binary neutron stars have been observed (Abbott et al. 2018,
2020). Furthermore, GWs are helpful for exploring some
extreme conditions, such as the very early Universe, extremely
high energy scales, and additional dimensions. The detection
of GWs therefore received considerable attention (Petiteau et al.
2011). New generations of GW detectors have been proposed
to cover different frequency bands. With these detectors, more
binary coalescences are expected to be detected at longer dis-
tances, and they have higher a signal-to-noise ratio (S/N). These
sources are very important for us to study the evolution of uni-
verse (Petiteau et al. 2011). At present, the gravitational wave
detection projects promoted both at home and abroad include
ground-based and space-based GW detectors. The ground-based
GW detectors include the LIGO and Virgo observatories, and the
Kamioka Gravitational Wave Detector (KAGRA) and Einstein
Telescope (ET) GW detectors. The space-based projects include
the Laser Interferometer Space Antenna (LISA), DECi-hertz
Interferometer Gravitational wave Observatory (DECIGO), and
two Chinese detectors, TianQin (TQ) and Taiji (Gong et al.
2021). Space-based detectors can detect GWs below 1Hz, but
ground-based detectors cannot, because they are affected by
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terrestrial gravity gradient noise. The TQ Project, first proposed
by Sun Yat-sen University in China in 2014, is a space-based
gravitational wave detector with some features. It is capable
of detecting GWs in the range of 107*~10~! Hz to fill the gap
between DECIGO and LISA. In addition, the equilateral trian-
gle arm of TQ is around 10° km. Because of the shorter arm and
better sensitivity compared with LISA in the higher-frequency
regime, it might perform better than LISA (Gong et al. 2021).
There are three steps for the TQ project. The successful launch
of the TQ-1 satellite in 2019 has achieved all mission objectives,
which is the main objective in the first step of the project. The
main goal of the second step of the project is to launch two satel-
lites in 2025. TQ-2 would be able to detect GWs if laser phase
noise does not affect it. The third step of the project, which is
expected to take place in 2035, aims to ensure that the three satel-
lites operate smoothly in geocentric orbit and can successfully
detect GWs, but this is subject to the successful implementation
of the first two steps. The TQ GW detector can observe GW sig-
nals, including those from SMBHBs, stellar mass binary black
hole mergers (SBBH), and extreme mass-ratio inspirals (EMRIs;
Zhu et al. 2022).

Many studies have been made of SMBHBs. For example,
Feng et al. (2019) used the Fisher information matrix to esti-
mate the parameter precision of SMBHBs for TQ. They found
that the parameters of SMBHBs could be determined with a
high precision, which means that the SMBHBs are the most
powerful GW sources detected by TQ. In addition, the spa-
tial curvature of the universe is one of the most important
problems in cosmology. Its importance stems from the follow-
ing three aspects. Firstly, the estimation of cosmic curvature
parameter could provide an important probe of the well-known
Friedman — Lemaitre — Robertson — Walker (FLRW) metric
(Caoetal. 2019; Qietal. 2019). Secondly, the cosmic curva-
ture is closely related to the evolution of the Universe and
the hypostasis of dark energy (DE). Even a very small cur-
vature of the Universe has a very strong effect on the recon-
struction of the DE equation of state (Clarkson et al. 2007;
Gong & Wang 2007; Virey et al. 2008; Ichikawa et al. 2006).
Moreover, the failure of the FLRW approximation might pro-
vide an explanation of the accelerating expansion in the late-time
Universe (Ferrer & Rasanen 2006; Enqvist 2008; Ferrer et al.
2009; Rasanen 2009; Boehm & Risidnen 2013; Lavinto et al.
2013; Redlich et al. 2014). Therefore, it is necessary to con-
strain the cosmic curvature from popular observational probes,
and this has indeed been extensively studied in the literature
(Zhao et al. 2007; Wright 2007; Wei & Wu 2017; Li et al. 2016).
In this work, we investigate the potential of constraining the cos-
mic curvature with SMBHBs covering the total mass range of
10°~107 My,

Generally, three theoretical methods can be used to con-
strain the spatial curvature of the Universe. One is the model-
dependent method using the photometric distance expressed by
the cosmological constant model, which does not directly mea-
sure the cosmic curvature geometrically. Another approach is the
model-independent method based on the zero geodesic distance
of the FLRW metric to constrain the spatial curvature (Bernstein
2006; Liao et al. 2017b; Qi et al. 2018; Denissenya et al. 2018).
The third model-independent method was proposed to constrain
Q; from the measurements of the expansion rate (H(z)), the
comoving distance (D(z)), and its derivative with respect to z

P22

(Clarkson et al. 2007): Qg = %. At present, many
0
works have used this method to constrain the cosmic curva-

ture based on the observations of different types of cosmo-
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logical distances (Shafieloo & Clarkson 2010; Cao et al. 2017;
Cai et al. 2016; Sapone et al. 2014; Li et al. 2014). However, the
first derivative of D’(z) must be estimated, which may bring a
large uncertainty to the final estimation of Qg. In this work, we
study the potential of an improved method that is independent of
a cosmological model and that extended the application of gravi-
tational wave standard sirens in cosmology, based on the inspiral
signal of supermassive black hole binaries that could be detected
with TQ. In the framework of this method, Wei & Wu (2017)
proposed the Gaussian process (GP) method to constrain the cos-
mic curvature by combining the most recent Hubble parameter
H(z) and supernova la data, which turned out to agree with zero
cosmic curvature. By comparing the distances from future sim-
ulated GW events and current CC Hubble data, Wei (2018) con-
tinued to expand the application of GW standard sirens in mea-
suring cosmic curvature. They simulated hundreds of GW data
sets from ET to constrain the curvature parameter and obtained
a result with higher precision, for which ©; = —0.002 + 0.028.
More recently, He et al. (2022) reconstructed the Hubble param-
eters without the influence of the hypothetical model, and com-
bined it with DECIGO GW data to obtain a high-precision result
(Q = -0.07 £ 0.016).

The paper is organized as follows. The simulation of the
TianQin data is introduced in Sect. 2. The method and corre-
sponding constraints on cosmic curvature from the TQ are pre-
sented in Sect. 3. The final discussion and conclusions are sum-
marized in Sect. 4.

2. Observational data

In this section, we briefly introduce the method we employed to
simulate observations of GW standard sirens from the TQ. In the
following simulations, we adopt the flat ACDM with the Hubble
constant Hy = 69.6kms~! Mpc™! with a 1% uncertainty and the
matter density parameter Q, = 0.286 (Bennett et al. 2014).

As a typical millihertz frequency gravitational wave obser-
vatory, TQ is designed to mainly detect GWs from Galactic
ultra-compact binaries, coalescing SMBHBs, EMRIs, and the
inspiral of an SBBH (Hughes 2001; Sesana 2016; Di & Gong
2018; Olmez et al. 2010). The SMBHB mergers are considered
to be the most powerful GW sources that could be observed by
TQ (Feng et al. 2019). Therefore, we simulated GW data sets of
SMBHBs for three, five, and ten years according to the contin-
uous observation time of TQ in the future. For the data of each
year, the masses ranged from 103 My to 10" My, and we split
the data sets into three subsamples according to the mass range
of SMBHBs (TQ10°~10* My, TQ10*~10° My, TQ10°~10° Mo,
and TQ10°~107 My). For each subsample, the redshift z is cho-
sen in the range of 0~2.5. Moreover, for the event rate of SMB-
HBs that TianQin can detect each year, we refer to the recent
results based on the poplll model, which assumes low-mass
black hole seeds from poplll stars and accounts for the delays
between massive black hole and galaxy mergers (Yi et al. 2022).
In Fig. 1 we present the event rates for different mass intervals
and redshift intervals, the distribution of which agrees well with
that of Klein et al. (2016). It should be noted that because TQ
has two observation windows of two and three months each year
(Luo et al. 2016), the practically detected SMBHB event is only
half of the predicted number proposed in Yi et al. (2022).

It is well known that the absolute measurements of the lumi-
nosity distance Dy, to the source and the chirp mass M, can be
determined from the chirping signals of GW (Schutz 1986). In
addition, the chirp mass can be measured by the phase of the GW
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Fig. 1. Event rates for different mass ranges (left panel) and redshift ranges (right panel) based on the poplIIl model.

signal, and Dy, can thus be extracted from the strain amplitude of
GW. For the waveform of GW, we chose H(f) in stationary-
phase approximation,

H(f) = Bf " expliCrfio — 7/4 + 20(f/2) - o), (1)
where B is the Fourier amplitude, and
B= < \/Fi(l + cos2(0)? + 4F2 cos2(0)

Dy,

x f57/967 71O M3/°, )

35 .
where M, = % is the chirp mass (see Feng et al. 2019

for the expression of F., Fy and phase parameters for advanced
TQ). In addition, Dy is the luminosity distance, and in the stan-
dard flat ACDM cosmological model, it can be expressed as

74 ’
Dy = c(l1+2) f dz . 3)
Ho  Jo JQ,(1+23+1-Qn

The one-sided power spectral density (PSD) of the noise in TQ
is (Feng et al. 2019)

“

Sy 10~ Hz
Sn(f)zﬁ"' ),

454 1+
Qnrf)*L? f
where S, 1072 m?Hz™! denotes the PSDs of the posi-
tion noise, L = 1.73 x 10°km denotes the arm length, and

S, = 10739 m2s#Hz! denotes the PSDs of residual acceler-
ation noise. Correspondingly, the S/N of TQ can be calculated

as
MCG 5/6 fin  £-7/3
- _WOT f f df, (%)
V10723Dy 32 NJfg,  Sa(f)

where fi, = min(fisco, fena) and the fisco = ¢*/(63>MGn)Hz
is the GW frequency at the innermost stable circular orbit,
Jena = 1Hz is the upper cutoff frequency for TQ, fi, =
max(fiow, fobs), With the lower cutoff frequency fiow =
107 Hz and the initial observation frequency fop, = 4.15 x
1072 (M /10° Mo)™/3(Tops/ 1 yr)~/* Hz.

Following the error strategy proposed in the literature
(Sathyaprakash et al. 2010; Zhao et al. 2011), the total uncer-
tainty of Dy includes the contribution from the measurement

itself o-igzt and an additional uncertainty o-}%‘L“ due to weak lens-
ing,
GW _ inst)2 lens 2 6
9p, = (O-DL) + (O—DL ) (6)
2D\
= (—L) +(0.05zDp)%. ©)
P

The luminosity distance and total error of GW data can be
obtained by the above process. Then we can test the spatial flat-
ness of the Universe in a way that does not depend on a cosmo-
logical model using the GW data.

3. Method and constraints on cosmic curvature
3.1. The GP method

The GP method (Seikel et al. 2012; Wu et al. 2020; Liu et al.
2019; Liao et al. 2019, 2020) is a non-parametric smoothing
method for reconstructing functions, which does not need to
consider the influence of other cosmological background mod-
els when placing limits on cosmic curvature. In particular, the
distribution of Dy (z) with redshift is directly obtained by GP
method from H(z) observations. We reconstructed the function
E(z) from the H(z) data using the GP method based on the
Gapp code, which has been widely used in cosmological studies
(Wu et al. 2020; Liu et al. 2019), and the H(z) data were taken
from Table 1 of Wei & Wu (2017). The advantage of this method
is that we can derive a model-independent function E(z) without
any prior assumption on the cosmological models (Seikel et al.
2012; Cao et al. 2011, 2015; Cao & Liang 2013). Through the
data analysis, the H(z) can be obtained in two ways: by calculat-
ing the passively evolving galaxy ages, and by detecting radial
BAO features. We show the data in Table 1 (Jimenez et al. 2003;
Simon et al. 2005; Stern et al. 2010; Chuang & Wang 2012;
Moresco et al. 2012, 2016; Zhang et al. 2014; Moresco 2015;
Gaztanaga et al. 2009; Blake et al. 2012; Samushia et al. 2013).
Because the proper distance dp depends on the E(z) function,
we can use the H(z) measurements to reconstruct the £(z) func-
tion and then derive dp from the function E(z). The details of the
steps to reconstruct the function are as follows: firstly, we nor-
malize the H(z) function and their 20~ errors based on the H(z)
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Table 1. H(z) data measurement from the differential age method (I)
and the radial BAO method (II).

z H(z)(kms™! Mpc‘]) Method References

0.09 69 + 12 1 Jimenez et al. (2003)
0.17 83+8 1

0.27 77 + 14 1

0.4 95+ 17 1

0.9 117 £ 23 1 Simon et al. (2005)
1.3 168 + 17 1

1.43 177 £ 18 I

1.53 140 + 14 I

1.75 202 +40 I

0.48 97 + 62 1 Stern et al. (2010)
0.88 90 + 40 I

0.35 82.1+4.9 I Chuang & Wang (2012)
0.179 75+4 I

0.199 75+5 I

0.352 83+ 14 1

0.593 104 + 13 1

0.68 92+8 1 Moresco et al. (2012)
0.781 105+ 12 1

0.875 125+ 17 1

1.037 154 £ 20 1

0.07 69 + 19.6 I

0.12 68.6 +26.2 1

0.2 72.9 +29.6 I Zhang et al. (2014)
0.28 88.8 +36.6 1

1.363 160 + 33.6 I Moresco (2015)
1.965 186.5 + 50.4 1

0.3802 83+ 135 1

0.4004 77 +10.2 I

0.4247 87.1+11.2 1 Moresco et al. (2016)
0.4497 92.8 +12.9 I

0.4783 809+9 I

0.24 79.69 = 2.65 11 Gaztanaga et al. (2009)
0.43 86.45 + 3.68 I

0.44 82.6+7.8 I

0.6 87.9+6.1 11 Blake et al. (2012)
0.73 97.3+7 1T

0.35 84.4+7 | Xu et al. (2013)

0.57 924 +45 | Samushia et al. (2013)
2.3 224 + 8 I Busca et al. (2013)
2.36 226 + 8 I Font-Ribera et al. (2014)
2.34 222 +7 I Delubac et al. (2015)

data points with the GP method. Secondly, the reconstructed
function E(z) can be obtained according to the E(z) = H(z)/Hy
relation, where Hy, = 69.6 + 0.7kms™! Mpc‘1 (Bennett et al.
2014). Thirdly, the proper distance dp with their 20" errors can
be obtained through the reconstructed function E(z) using this
formula: dp(z) = 0‘/' - As is shown in Fig. 2, the observed
(blue points) and reconstructed (solid red lines) H(z) are well
consistent with those determined from the best-fit flat ACDM
model (solid blue lines). The reconstruction of the dp(z) func-
tion based on the H(z) sample is also presented in Fig. 2.

3.2. Observational constraints on Q;

We adopted the x> minimum fitting method and the
Markov chain Monte Carlo (MCMC) technique to con-
strain the cosmic curvature €); based on the following
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expression:
¢ 1 . H
DLz | ™ e sinh | VIQ(dp(2) 2] for O > 0
={ dp(z) for Q =0, ®
(1+2)

c 1 : H
7y Vi S [ \/|Qk|dp(Z)T_U] for Q; <0

where € is the spatial curvature, and d,, is the proper distance
that can be reconstructed with the GP method using H(z) data.
The corresponding error can be expressed as

(1 + 2) cosh | VIldp(2) 22 | oy, for @ > 0
op, =43 (1 +2)04 for =0, 9)
(1 +z)cos| \/|Qk|dp(z)%] gy for @ <0.

The x? can be written as

o5 B

=1 (O’DL) +< GW)2

Dobs Dth)
(10)

where N represents the total number of simulated GW data, D"Lbs

represents the observed luminosity distance, and the D{‘ is the
theoretical counterpart that can be obtained from Eq. (8).

In Fig. 3a we show the probability distribution of the spatial
curvature based on the ten-year observation of TQ (10°~107 M)
and H(z) data. The best-fit curvature (£2;) and its correspond-
ing 1o uncertainty are determined to be Q; = 0.00 = 0.19.
Due to the limited number of TQ data simulated with the popIII
model within the mass range of 10°~10” M, and redshift range
of 0~2.5 (only 24 data points in ten years), this result can-
not fully demonstrate the constraining effect of TQ GW data
on curvature. Therefore, we simulated H(z) data to extend its
upper redshift limit, thereby expanding the data set correspond-
ing to TQ. We acknowledge that the measurement of the BAO
scale in the line-of-sight direction enables the determination of
the Hubble parameter H(z) at various redshifts. Consequently,
Seo & Eisenstein (2007) employed even binning in In(1 + z) to
predict an all-sky survey within the redshift range of 0~5. Build-
ing upon the work of Seo & Eisenstein (2007), Weinberg et al.
(2013) used their fast-approximation method for the full Fisher
matrix calculation to make predictions regarding H(z). This
method takes the idealized treatment of acoustic oscillations,
non-linear structure formation, and redshift—space distortions
into account. By incorporating survey redshift, number density,
and volume, the method enables precise forecasts of H(z) with
an uncertainty of approximately 1%. Consequently, Yu & Wang
(2016) performed simulations of H(z) data within the 0.1~5 red-
shift range based on this approach, and constrained the cosmic
curvature using a model-independent method. We refer to their
work, and the specific process of simulating H(z) in this paper is
as follows: We adopted a flat ACDM model with parameter val-
ues Hy = 69.6kms™' Mpc™' and Q,, = 0.286. A total of 20 data
points were generated, evenly distributed in the In(1 + z) space,
covering a redshift range of 0.1 > z < 5 (Yu & Wang 2016),and
the uncertainty of these relevant data was 1% (Weinberg et al.
2013). Figure 4a shows the reconstruction results (solid red
lines) of the simulated H(z) data (blue points) using the GP
method, which are consistent with the flat ACDM model (solid
blue line). Figure 4b illustrates the reconstructed dp(z) function
based on the simulated H(z) data. At the same time, the redshift
z range of 0~5 was selected to simulate the TQ GW data again,
following the same procedure as described in Sect. 2. Addition-
ally, Fig. 5 presents the specific number distribution for each
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Fig. 2. Reconstructed H(z) and d,,(z) function from the GP method using the H(z) data with Hy = 69.6 + 0.7 km s~! Mpc~!. The H(z) observational
data and the ACDM model are also added for comparison.
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Fig. 3. 1D distribution of the cosmic curvature derived from different subsamples of SMBHBs. Panel a represents the result of H(z) data combined
with ten-year observations of TQ, while panels b, ¢ and d correspond to the results of simulated H(z) data combined with three-, five-, and ten-year
observations of TQ, respectively.
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Fig. 4. Reconstructed H(z) and d,,(z) functions with the GP method using the H(z) simulated data with Hy = 69.6 + 0.7 km s~ Mpc™'. The H(z)

simulated data and the ACDM model are also added for comparison.

subsample simulated based on the poplll model, while Fig. 6
displays the distribution of redshift (z) and luminosity distance
(D) for the ten-year data.

Figures 3b,c, and d show the probability distribution of
the spatial curvature based on the simulated H(z) data and
the three-, five- and ten-year observations of TQ, respec-
tively. Table 2 presents the best-fit curvature (€;) and the
corresponding 1o uncertainties obtained from different sub-
samples. The table shows that when the GW source total
mass is different, the results obtained by using ten-year data
are —0.02 + 0.13(10°~10* M), —0.014 + 0.097(10*~10°> M),
-0.01 + 0.12(10°~10° M), and —0.06 + 0.2(10°~107 M),
respectively. In addition, we combined the 10° My~107 M, data
and the constraint on the parameter is —0.002 = 0.061. These
results all include Q; = O within the 1o uncertainties, which
means that our Universe is spatially flat. Q; = 0 is also included
in the 1o uncertainties for the results from three, and five year.
Moreover, through the comparison of the analysis results in
Fig. 7a, we find that for GW sources with the same mass, the
precision of the cosmic curvature constraint would increase with
the observation time. In Fig. 7b, we also present the variation of
cosmic curvature precision with the total mass of GW sources.
Our results demonstrate an obvious €); improvement when the
total mass of GW source is 10*~10° M. There are two possible
explanations for this interesting tendency: (I) GW sources with
masses of 10*~10° M, dominate the full sample (as can be seen
in Fig. 5), which leads to the most stringent limits on the cos-
mic curvature. (II) The differences of S/N in SMBHB subsam-
ples covering different total masses might also affect the con-
straints on €. In order to investigate these possibilities, a plot
of the amplitudes of GW waveforms for SMBHBs with different
mass ranges is shown in Fig. 8, along with the TianQin sensitiv-
ity curve at redshift z = 0.5,1,1.5 and 2. Our findings suggest
that the SMBHB subsample with a total mass of 10*~10° M,
posses a very high sensitivity of detection in the framework of
the TianQin detectors.

In addition, in order to more intuitively reflect the con-
straint effect of TQ data on cosmic curvature, we compared
the results obtained from other observation data constrained
by the same method (Zhang et al. 2022; Cao et al. 2022; Wei
2018; Wei & Melia 2020a,b). The results are shown in Table 3.
Firstly, the results given by the second-generation GW detector
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Fig. 5. Specific number of SMBHBs that TQ could detect.

DECIGO and the third-generation GW detector ET are Q; =
—0.05 + 0.12 and @ = 0.035 + 0.039, respectively. Com-
pared with DECIGO and ET constraint results, the precision of
our result (€, = —-0.002 + 0.061) is improved by 49.2% and
decreased by 56.4%, respectively. This indicates that the TQ is
expected to provide a more powerful and competitive probe of
the spatial geometry of the Universe compared to future space-
based detectors such as DECIGO. However, combined with the
DECIGO and Legacy Survey of Space and Time (LSST) strong-
lense data, the result is ; = 0.0001 + 0.012, and the preci-
sion of our result is reduced by a factor of 4.1 compared to this.
In addition, we also show the results given by quasar (; =
—0.918 +0.429) and lensing+quasar+SNe (Q; = 0.05*)19). The
constraint precision of the TQ GW data is 85.8% and 59.3.3%
higher than theirs, respectively. This means that the GW data
have a better constraint effect on the cosmic curvature than elec-
tromagnetic wave data such as quasar, lenses, and SNe under this
method. Finally, the precision of our results is reduced by a fac-
tor of 2.4 compared to the Planck 2018 results (AQ; = 0.018;
Planck Collaboration VI 2020).
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Fig. 6. Simulated gravitational wave data (Dy —z relation) derived from different subsamples of SMBHBs (with total masses of TQ103~107 M)

based on ten-year observations of TQ.

Table 2. Best-fit spatial curvature (€;) and the corresponding 1o uncertainties derived from different subsamples of SMBHBs based on H(z)
simulated (H(z)simulate) data and three-, five-, and ten-year observations of TQ.

H(2)simulate + TQ (M) Q,(three-year) Q(five-year) Q(ten-year)
103~10* 0.02 £ 0.23(10) 0.00 £ 0.16(10) -0.02 £ 0.13(10)
10*~10° —-0.04 £0.19(10) 0.04 +£0.14(10) —0.014 £0.097(10)
10°~10° -0.03 +£0.25(10)) —-0.04 £0.17(10) -0.01 +£0.12(10)
106~107 -0.04 £0.4(lo) -0.05+0.31(10) -0.06 = 0.2(10)
103~107 0.00 £0.12(10)  0.00 + 0.086(10") —0.002 + 0.061(10°)

4. Conclusions

We investigated the spatial curvature of the Universe in a GP
way, based on the GW observations from the future space-based
GW detector TQ. For the distance measurement, we considered
simulated data of GWs from SMBHBs, which can be consid-
ered as standard sirens covering different redshift ranges. For
the non-parametric reconstruction of the distance and redshift
relation, we used the H(z) data, based on the non-parametric
smoothing method called GP, and the reconstructed function was

independent of the model. Then we obtained the comoving dis-
tance dp(z) by directly solving the integral of this reconstructed
function E(z). Furthermore, with the spatial curvature € taken
into consideration, we were able to transform the comoving dis-
tance into the Dp. Then, we constrained €; using the MCMC
method and the y?> minimum fitting method. Our conclusions are
listed below.
1. Firstly, the 1D distribution of cosmic curvature obtained by
combining H(z) and TQ GW data is shown in Fig. 3a, and
the result is ; = 0.00 + 0.19. However, by analysing the
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Fig. 7. Variation in the precision of Q, with different observation times (left panel) and different total masses of the SMBHB (right panel).
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Fig. 8. Amplitude evolution for SMBHBs with different mass ranges at redshift z = 0.5, 1, 1.5, and 2. The sensitivity curve of the TQ is also added
for comparison.

data, we found that the obtained result failed to demonstrate 3. Finally, compared to the previous model-independent con-

the constraint effect of TQ GW data on curvature. There-
fore, we increased the upper redshift limit by simulating H(z)
data to obtain additional TQ GW data. The final results are
presented in Figs. 3b,c, and d, along with the corresponding
numerical estimations summarized in Table 2. Our results
show that Q; = —0.002 + 0.061(10), by combining H(z)
simulated data with simulated GW events of TQ, and this
suggests that our Universe is flat.

. In addition, according to the results in Table 2, it is found
that the precision of € constraint increases with increasing
observation duration, and the total mass of the SMBHB does
influence the estimation of cosmic curvature, as implied by
the analysis performed on different subsamples of gravita-
tional wave data.
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straints on the spatial curvature by GW data (DECIGO)
(Zhang et al. 2022; Wei 2018), TQ is expected to provide a
powerful and competitive probe of the spatial geometry of
the Universe. The results are also available for the space-
based GW detector Taiji, which will be sensitive in observing
GWs from SMBHBs around 1 mHz.

Finally, through the analysis of the GW data from the SMBHB
observed by future GW detectors, our studies provide a possi-

ble

approach to testing the spatial properties of the Universe.

Focusing on the strong degeneracy between the cosmic curva-
ture and the Hubble constant (Collett et al. 2019), our results will
be very helpful for us to investigate other fundamental issues
in cosmology (e.g., the tension between the ACDM model and
astrophysical observations; Ding et al. 2015; Zheng et al. 2016;
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Table 3. Results of ©; obtained with the GP method.

Data Q Source

TQ —0.002 £ 0.061  This work

DECIGO -0.05+0.12 Zhang et al. (2022)
DECIGO+LSST 0.0001 £0.012  Cao et al. (2022)

ET 0.035 +0.039 Wei (2018)

Quasar —-0.918 £ 0.429  Wei & Melia (2020b)
Lensing+quasar+SNe  0.09 + 0.25 Wei & Melia (2020a)

Qi et al. 2018). We plan to explore these possibilities in future
works.
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