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Abstract: In this study, we used electromagnetic wave data (HOLiICOW, H(z), SNe) and gravitational wave data
(Tianqin) to constrain the interacting dark energy (IDE) model and investigate the Hubble tension and coincidence
problems. By combining these four types of data (TianqintHOLiCOW+SNe+H(z)), we obtained the following para-
meter values with a confidence interval of 1o: Q,, = 0.36+0.18, w, = —1.29f8:%, &= 3.15f(]):?6, and Hy = 70.04+
0.42 kms~'Mpc~!. According to our results, the best value of Hy shows that the Hubble tension problem can be al-
leviated to some extent. In addition, the center value of &+ 3w, = —0.721’%}3(10’) indicates that the coincidence
problem is slightly alleviated. However, &+ 3w, =0 is still within the 1o error range, which indicates that the
ACDM model is still the model in best agreement with the observational data at present. Finally, we compared the
constraint results of the electromagnetic and gravitational waves on the model parameters and found that the con-
straint effect of electromagnetic wave data on model parameters is better than that of simulated Tianqin gravitational

wave data.
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I. INTRODUCTION

The observations of Type Ia supernovae (SNe) sug-
gest that the universe is in a state of accelerated expan-
sion [1-5]. Subsequent observations of the cosmic mi-
crowave background (CMB) radiation and large-scale
structure have further confirmed this view [6—10]. Con-
sequently, scientists have introduced a negative pressure
energy as the driving force for the expansion of the uni-
verse; they called it dark energy. At the same time, many
dark energy models have been proposed to study the
nature of dark energy. Among them, the A cold dark mat-
ter (ACDM) model is the most widely used and agrees
with various cosmology observations. However, the
ACDM model also faces some unresolved theoretical
challenges [11, 12], namely the coincidence problem.

This problem raises because the present epoch is particu-
larly special: the density of dark energy is of the same or-
der of magnitude as the energy density of matter during
this period. In addition, the measurement of Hj in Ref.
[13] was 74.03+1.42 kms™' Mpc™' and another measure-
ment of Hy was 67.4+0.5kms™! Mpc™! [7]; the devi-
ation between these two results is 4.40. It reflects the
problem of measurement inconsistencies between the
early and late universes. At present, there are two main
directions to solve these problems: one is the use of new
models [14-25]; the other is to find a more intuitive cos-
mological observation to obtain a more accurate Hubble
constant, for example by using gravitational wave data to
constrain the cosmological model [26-30].

In this study, we used an interaction dark energy
model that considers a particular interaction. When we
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consider the proper interaction of dark energy with dark
matter, dark energy can transform into dark matter, which
in turn allows dark matter and dark energy to gain some
balance, thereby alleviating the problem of coincidence.
Some observations also support this idea of interactions.
For example, Bertolami et al. [31-34] pointed out that the
Abelle group A586 indicates an interaction between dark
energy and dark matter. In addition, Abdalla et al. [35,
36] found that optical, X-ray, and weak lens data from the
relaxation cluster show signals of energy exchange
between them. In addition to proposing a cosmological
model, the model itself must be constrained with the
parameters of the observed model from various data.
Chen et al. [37] limited the model with data from super-
novae (SNIa), CMB, and baryon acoustic oscillation
(BAO), showing that dark energy interaction with matter
was necessary. Cao et al. [38, 39] used a combination of
data such as Hubble parametric data and SNIa to con-
strain the model parameters, and the results showed that
the coincidence problem is not alleviated. However, a
slight transfer of dark energy to dark matter is expected to
be one of the solutions to alleviate the coincidence prob-
lem. In a previous study of ours, based on the VLBI ob-
servation results of dense structures in 120 medium-lu-
minance radio quasars (QSO), we combined SNIa, CMB,
and BAO data [14]. We also investigated the roles of
strong gravitational lensing data in the study of dark en-
ergy by using measurements of the time-delay effect in
18 strong gravitational lensing systems [40].

In this study, the data we used were simulated gravit-
ational wave (GW) data from Tianqgin. Gravitational
wave sources from binary bodies are produced together
and provide a direct measurement of the luminosity dis-
tance. The Tianqgin is a space-based GW detector de-
veloped by a team at Sun Yat-sen University in China,
and its project concept has some unique features [41-46].
The equilateral triangular arm is approximately 10° km
long, and the frequency sensitivity band of the detector
overlaps with LISA at approximately 10* Hz and
DECIGO at approximately 0.1 Hz. Owing to its short arm
length and better sensitivity than LISA and Taiji in high-
er frequency bands, Tianqgin fills the frequency gap
between LISA and DECIGO. In addition, we also used
H(z), SNe, and HOLiCOW data combined with Tianqin
data to constrain the model.

The rest of the paper is organized as follows. In Sec.
II, we introduce the interaction dark energy model used in
this study. In Sec. III, we mainly introduces the gravita-
tional wave data (Tianqin) and electromagnetic wave data
(HOLiCOW, H(z), SNe) used in this study. In Sec. IV, we
describe how gravitational wave data and electromagnet-
ic wave data were used to constrain the interacting dark
energy model and analyze the results. Finally, in Sec. V,
we summarize this paper.

II. MODEL

To describe dark energy, we choose a model of inter-
action between dark energy density and dark matter dens-
ity. In the flat FRW metric universe, it is assumed that
dark energy and dark matter exchange energy through in-
teraction Q [14].

px +3Hpx = 0, (1)
P+ 3Hpu = O, )

where py is the density of dark energy and p,, is the

density of matter. H(z) = 4 represents the Hubble para-
a

meter, where a=1/(1+z) and @ means derivative with
respect to time. In addition, px and p,, have a phenomen-

ological relationship PX o af , where ¢ is the severity of

the coincidence probloenfn. Thus, we have the following
expression:

Q = _Hpm(§+ 3(’-))()QX, (3)

where w;, is the equation of state of dark energy, and Qx
is the dark energy density parameter expressed as
Qx = (1 =)/ [1 = Qp + Qu(1 +2)°].

When £+3w,=0(Q=0), no interaction exists
between dark energy and dark matter. When &+ 3w, >0
(Q < 0), dark matter is converted into dark energy and the
coincidence problem is not alleviated. When &+ 3w, <0
(Q > 0), dark energy is converted into dark matter and the
coincidence problem can be alleviated [47-49]. The para-
meterized Friedman equation is expressed as follows:

2

E@z)* = "

0 (1+2°[Qn+ (1 - Q)1+ 273 (@)

III. DATA

A. Tianqgin

It is believed that supermassive binary black hole uni-
ons constitute a good source of gravitational waves [50],
and the Tianqgin detector can detect supermassive black
holes [51-54]. For these reasons, we simulated 1000 sets
of gravitational wave data from the merger of two black
holes with a mass of 10° solar masses. The redshift (z) of
these data was 0 ~ 15. It is important to note that when
simulating the gravitational wave data, we adopted the
flat ACDM model with the matter density parameter set
as Q,,=0.286 and the Hubble constant set as Hj=
69.6 kms~'Mpc~! with 1% uncertainty [55].
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Tianqin is a typical millihertz frequency gravitational
wave observatory. Its main mission is to detect GWs
from coalescing supermassive black hole binaries (SMB-
HBs), inspiral of stellar mass black hole binaries,
Galactic ultra-binaries, extreme mass ratio inspirals (EM-
RIs), and stochastic GW background originating from
primordial BHs or cosmic strings [51-54]. SMBHB mer-
gers are the most powerful GW sources [50]. This is why
we simulated GW data set of SMBHBs with a mass of
10° My, and the redshift z was set in the range of 0 ~ 15.

We can obtain an absolute measure of the luminosity
distance D, from the chirping GW signals of inspiral
compact binary stars [56]. The so-called chirp mass (M)
and luminosity distance (D) determine the GW strain
amplitude. The chirp mass can be obtained from the GW
signal's phase position, so it is allowed to extract lumin-
osity distance from the amplitude. The waveform func-
tion of GW we used is A(f):

h(f) = Af 0 expli@nfty—n/4+20(f/2) - o)), (5)

where the Fourier amplitude A is

1
_ 2 2(,))2 2 02
A= 3 \/F+(1+cos (L))* +4F5 cos*(1)
X 571962~ O M/, (6)

here the luminosity distance Dy is crucial for our pur-
pose and can be expressed as a function of the redshift in
the standard flat ACDM cosmological model:

DGW

_ 1+zf )
\/QM(I +Z )3+Q,1

where Qy =0.286, Q, =0.714, Hy= 69.6 kms Mpc .
M, = (1 +2)(mim2)>/(my + my)'/> denotes the observed
chirp mass. For Tianqin, F,, Fx and phase parameters
can be found in [50].

Moreover, the one-sided power spectral density
(PSD) of the detectors' equivalent strain noise provided
by Tiangin is as follows [57, 46]:

Sau(f) = 22y e ( ®)

X
+
2 2
L2 QrfLd

1074 Hz)
0

f

where Ly is the arm length and Lo =1.73x 103 km; the
PSD of the position noise is S, =10"2* m?>/Hz and the
PSD of the residual acceleration noise is S, = 10730
m2s~*/Hz.

Combining Egs. (5), (6), (8), we can obtain the signal-

to-noise ratio (SNR) of Tianqin:

M>/° in f—7/3
=—< 9
e\ o ©

where fii, = min(fisco, fena) With GW frequency at the in-
nermost stable circular orbit fisco = 1/(6°/?Mn) Hz; the
upper cutoff frequency for Tiangin is finq = 1 Hz;
fin = max(fiow, fobs) With lower cutoff frequency of
fiow = 107 Hz; and the initial observation frequency is
Fobs = 415X 1075(M./10°M)~5/8(Tops/1yr) 3/ Hz. The
observation time Ty, 1S 3 months.

The inherent uncertainty of the measurement o'inSt and
increased uncertainty due to weak lenses o-lens Jomtly de-
termine the uncertainty of the luminosity dlstance There-
fore, we can calculate the total uncertainty of the meas-
urement Dy as follows [58, 59]:

o5 = (o) + () (10)
2D, \?
= (—L) +(0.05zD,)%. (11)
P

In order to limit the model parameters, the y* minim-
um fitting method was adopted:

1000 DGW( )_Dth( ) 2
XZ:Z(L ZGW Z)’ (12)
i=1 (O'DL )

where DGW is the luminosity distance observed by simu-
lation, o- W is the data error, and Dlh can be expressed as
follows:

dz’
m)(] +2)” f] 3w/f

13)

th
DL

1+zf
VI +23[Q,, + (1 -

B. SNeand H(z)

In addition, 580 groups of la SNe data were also used
in this study [60]. These data generally describe the
brightness information of the supernova by distance mod-
ulus. The observed values in the data are expressed by the
apparent magnitude m and absolute magnitude M as fol-
lows:

Hobs =m— M. (14)

The theoretical value can also be obtained by the follow-
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ing formula:
e = Slog(dr/Mps) +25. (15)

The y*> minimum fitting method related to the distance
modulus can be expressed as follows:

580

X%Ne = Z(/~‘obs_,uth)2 /0',24’,'» (16)

whereo,; denotes the observation errors of supernovae.

Finally, the 31 Hubble parameter (H(z)) samples from
the differential age method were also used [61]. The y?
minimum fitting method related to Hz parameter data set
can be expressed as follows:

31 2
H(2)th — H(2)obs )
2
Xne) = (— - (17)
H(z) ; THE)
C. HOLiCOW

The time delay phenomenon of strong gravitational
lensing in the late universe is an important cosmological
probe that provides a method for measuring the Hubble
constant (Hp) . The time delay data we used came from
the HOLiICOW project (Hy Lenses in COSMOGRAIL's
Wellspring) [62— 65]. In a strong gravitational lensing
system, the source of stars forms multiple observation im-
ages under the action of the lens, and these images takes
different paths to reach our detector, thus creating a time
delay between the images. These data are sensitive to the
Hubble constant H, and therefore can be used as suitable
constraint data [64].

The time delay between images located at 6; and 6;
can be expressed as

NE N CAZ‘,‘]‘
() —7(0;) = D’ (18)
t

where 7 denotes the dimensionless time of arrival,

1 . .
T= §|0|2—9-B, and f is the location of the source. Af;

represents the measured value of time delay whereas Dy,
is the called time delay distance, which can be expressed
as follows:

Da =1+ )D"DS
At — Zd Dd‘v )

(19)

where D, and D; are the angular diameter distances ob-
tained when the redshift is z; and z,, respectively, and
Dy; is the angular diameter distance between the lens and
source.

In order to constrain cosmological parameters, we
used the least squares fitting method to fit the parameters:

o [DY () = DY ()P

xh, =y =

, (20)
N2

i=1 o)
where DtAht is the time-delay distance value that theoretic-
ally exists in the cosmological model andDS>* is the actu-
al measured value whose uncertainty is o(i).

IV. ANALYSIS OF OBSERVATION DATA CON-
STRAINT RESULTS

In this study, we used different combinations of four
cosmological data sources, namely Tianqin, HOLiCOW,
SNe, and H(z), to constrain the interaction model. More
specifically, they are Tianqgin, H(z)+SNe, HOLiCOW,
HOLiCOW+SNe+H(z), and TiganqintHOLiCOW+SNe+
H(z), respectively. The Markov Chain Monte Carlo
(MCMC) algorithm and maximum likelihood method
were used to limit the interacting dark energy model. For
x> values of multiple sets of data, the following formula
was used for combination:

2 _ o 2 2 2
Xall = XTiangin TXHoLicow TXHe) TAsNe:

(21)

In Table 1, we show the constraint results of con-
straint model parameters (,,, wy, & Hp) under five dif-
ferent data combinations. Table 2 shows the parameter er-
ror estimates obtained under different data combinations
calculated as e(p) = o(p)/p, where p represents the para-

meter center value in the model and o(p)=
Table 1. Parametric results obtained from different data constraint interaction models.
Data Qu wy ¢ Hy

Tiangin 0.40%035(10) -1.83*3¢7(10) 3.8*0%10) 744%¢3(10)
H(z)+SNe 0.387020(10) -1.37:3%810) 3.39*036(10) 69.99*041(10)

HOLiCOW 0.284*2%7 (1) -1.73702L(10) 4.574(10) 79.6748(10)
HOLiCOW-+SNe+H(z) 0.347021 (10) -1.26*35310) 3431034 (10) 69.97*043(10)
Tianqin+HOLICOW+SNe+H(z) 0.367013(10) -1.29*3%1(10) 3.153036(10) 70.04*053(10)
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Table 2. Constraint precision of the parameters (Q,,, wy, & Hp) obtained from different observational data.

Data Q) €(wy) 5363 €(Ho)
Tiangin 0.625(1c) 0.367(1c) 0.5(1c) 0.081(1c)
H(z)+SNe 0.526(1c") 0.496(1c) 0.472(1c) 0.006(15)
HOLiCOW 0.950(1c) 0.433(10) 1.200(1c) 0.084(15)
HOLiCOW-+SNe+H(z) 0.617(1c) 0.500(1c") 0.524(1c) 0.006(15)
Tianqin+HOLiCOW+SNe+H(z) 0.5(1c) 0.473(10) 0.349(10) 0.006(1c)

V@ DRper + TP )12

As can be seen from Table 1, the Hubble constant
(Hy) values given by the five data combinations with 1o
error are Hy=74473 kms™' Mpc™!, Hy=69.997044

~0.44
kms™ Mpc™!, Hy=79.6"¢8 kms™ Mpc™', Hy =69.97+042
kms™' Mpc™!, andHy = 70.047042 kms™' Mpc™!, respect-

ively. We can see that the values of the Hubble constant
Hy given by (H(z)+SNe, HOLICOW+SNe+H(z), Tian-
gint HOLiCOW+SNe+H(z)) with a confidence interval
of 1o are Hp=69.997%* kms™! Mpc™!, Hy=69.97+042

~0.44 ~042
kms™! Mpc™!, and Hy= 70.04+943 kms~! Mpc™!, which
are smaller than Ho=74.03"142 kms™ Mpc™' given by

the Hubble Space Telescope (HST) and larger than
Hy=67.4*03 kms™ Mpc™" given by Plank 2018. This in-
dicates that the conflict problem of Hy has been allevi-
ated to some extent. However, the center value of Hy giv-
en by Tianqin and HOLiCOW data is larger than
Hy=74.03"12 kms™ Mpc™' given by the HST, which in-
dicates that the Hubble tension problem has not been alle-
viated. In addition, we can see from Table 2 that the con-
straint precision of Hy given by the combination of elec-
tromagnetic wave data (HOLiICOW-+SNe+H(z)) and grav-
itational wave data (Tiangin) is 0.006 and 0.081, respect-
ively. This means that, in this model, the electromagnetic
wave data has a better constraint effect on Hy than gravit-
ational wave data. Furthermore, the constraint precision
given by TianqintHOLiCOW+SNe+H(z) is 0.006, which
further indicates that the constraint effect of gravitational
wave data on H, in this model is weak.

In addition, other parameters besides Hubble's con-
stant are listed in Table 1 to analyze the coincidence
problem. In the previous content, we mentioned that
when &+ 3w, =0, there is no interaction; when &+ 3w, >
0, dark matter transitions into dark energy and the coin-
cidence problem is not alleviated; and when &+ 3w, <0,
dark energy transitions into dark matter and the coincid-
ence problem can be alleviated. Note from Table 1 that
é+3w, =-1.69%37 (Tianqin), £+ 3w, =-0.35*243 (HOLi-
COW+SNetH(z)), and &+3w,=-0.72"31% (Tianqin+t
HOLiCOW+SNe+H(z)). We can clearly see that each of
the three data sets (Tianqin, HOLICOW+SNe+H(z), Tian-
qintHOLiCOW+SNe+H(z)) presents a central value of
£+3w, less than 0, which means that the coincidence

problem is alleviated, but ¢ + 3w, = 0 is still within the 1o
error range. In addition, the results for the parameter Q,,
obtained by the five data constraint models are consistent
with those obtained by the CMB data from Planck satel-
lite (©,, =0.31+£0.017(10)) [66] within an error range of
lo.

V. CONCLUSIONS

In this study, we used 31 groups of Hubble parameter
observation data, 6 groups of HOLiCOW data, 580 groups
of Type la supernova observation data, and 1000 groups
of Tianqin simulation data to constrain the parameters of
the interacting dark energy model. We used Python pro-
gramming to calculate data related formulas and imple-
ment the MCMC algorithm program. The MCMC al-
gorithm was used to calculate the y? test value of the ob-
served data. The constraint results of the observational
data on the model parameters and the circle graphs are
shown in Table 1 and Fig. 1, respectively.

(1) The value of the Hubble constant H, given by
(H(z)*+SNe, HOLICOW+SNe+H(z), Tianqin+tHOLICOW+
SNe+H(z)) with a confidence interval of 1o are
Hy = 69.9970:4% kms™ Mpc™! Ho = 69.97042 kms™' Mpc™,

and Ho =70.04"042 kms™" Mpc™', respectively. This in-
dicates that the conflict problem of Hp has been allevi-

ated to some extent.

(2) With respect to the constraint precision of the
Hubble constant (Hy), we found that the electromagnetic
wave data (HOLICOW+SNe+H(z)) are better than the
gravitational wave data for the model parameter Hp in
this interacting dark energy model.

(3) Based on the constraint results of the different ob-
servational data on the parameters ¢ and w,, we can see
that &+3w, = -1.69737, (Tiangin), &+3w, =-0.35*373
(HOLiCOW+SNe+H(z)), and €+ 3w, = —0.72*113 (Tian-
qintHOLiCOW+SNe+H(z)). This means that both elec-
tromagnetic wave data and gravitational wave data can
alleviate the coincidence problem to some extent in this
model. However, £+3w, =0 is still within alo error

range, which indicates that the ACDM model is still the
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Fig. 1.
constraints on model parameters (Q,,, w,, &, Hp).

model in best agreement with observational data at
present.

Finally, given that the Tianqin Gravitational wave de-
tector has not yet detected GWs generated by high-red-
shift supermassive black hole binaries (SMBHBs), we
used GW data with uniform distribution of redshift for

P L -
1060 70 80 90

3 Ho

(color online) Contour maps of Tianqin, HOLICOW+SNe+H(z) and TianqintHOLICOW+SNe+H(z) data combinations with

simulation. In addition, HOLiICOW and Tianqin data have
a weak constraint effect on the model parameters that
may be caused by the small HOLiICOW data and unreal
gravitational wave data. Therefore, we expect to detect
more real gravitational wave data and strong gravitation-
al lensing data in the future to help us further investigate
the coincidence and Hubble tension problems.
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