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Abstract. Gravitational Waves (GW’s) can determine the luminosity distance of the pro-
genitor directly from the amplitude of the wave, without assuming any specific cosmological
model. Thus, it can be considered as a standard siren. The coalescence of binary neutron
stars (BNS) or neutron star-black hole pair (NSBH) can generate GW’s as well as the elec-
tromagnetic counterpart, which can be detected in a form of Gamma-Ray Bursts (GRB) and
can be used to determine the redshift of the source. Consequently, such a standard siren can
be a very useful probe to constrain the cosmological parameters. In this work, we consider
an interacting Dark Matter-Dark Energy (DM-DE) model. Assuming some fiducial values
for the parameters of our model, we simulate the luminosity distance for a “realistic” and
“optimistic” GW-+GRB events , which can be detected by the third-generation GW detector
Einstein Telescope (ET). Using these simulated events, we perform a Monte Carlo Markov
Chain (MCMC) to constrain the DM-DE coupling constant and other model parameters in
lo and 20 confidence levels. We also investigate how GW’s can improve the constraints
obtained by current cosmological probes.
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1 Introduction

Observations from type-Ia supernova (Snla) [1, 2], Cosmic Microwave Background (CMB) [3—
5], Baryon Acoustic Oscillations (BAO) [6] and Redshift Space Distortions [7] have pointed
to an acceleration in the expansion of the Universe. This acceleration can be explained by
the presence of a negative pressure component, called dark energy (DE).

The standard acceptable model consistent with observations is the ACDM, where the
Universe is dominated by cold dark matter (CDM) and dark energy, which is identified
with the cosmological constant A, associated to the vacuum energy with equation of state
(EoS) wge = —1. However, this explanation of DE is not satisfactory from a theoretical
point of view, facing the fine tunning [8] and the coincidence problem [9]. The coincidence
problem can be stated as follows: how the current values of dark matter and dark energy
densities are so similar if the time evolution of each component are so different? To alleviate
the coincidence problem, an interacting dark sector scenario has been proposed. In such
a scenario, energy is exchanged between Dark Matter (DM) and DE. These models are
compatible with observations [10-12]. Moreover, it has been shown that an interaction in
the dark sector can solve the tension in the value of Hubble constant Hy obtained by local
and global measurements [13-16]. For a more complete review of interacting dark sector
models see [17].

In order to better constrain the parameters of each cosmological model, we need to
improve the capabilities of current cosmological probes like Snla, CMB and BAO. Note
that all these probes are based on electromagnetic radiation. A different method was first
proposed by [18] based on gravitational waves (GW) detection from merging compact binaries
sources, as binary neutron stars pairs (BNS) or neutron stars-black holes (NSBH). From
the gravitational wave signal, we can measure the luminosity distance dy and, from the



electromagnetic counterpart, we can measure the redshift z of the source. Thus, we can
construct a d; — z diagram and constrain the expansion history of the Universe and our
cosmological parameters, complementing the current cosmological probes. In analogy to
Snla, which can be considered standard candles, GW from merging compact binaries can be
considered standard sirens (SS). The method is self-calibrating, i.e., do not need any cosmic
distance ladder.

The viability of the standard siren method could only be attested in practice with the
first GW detections by LIGO collaboration [19]. So far there have been eleven individual
detections, ten binary black-holes (BBHs) [20-24] and one binary neutron star (BNS) [25]
during the first and second observation run (O1/02). The latter is called GW170817 event.
The electromagnetic counterpart has also been observed [26-28]. GW170817 has become the
first standard siren detected, with redshift z = 0.008t8:88§ and the source was localized at
luminosity distance dj, = ZJLOJ_rélg4 Mpc. That measurement was able constraining the Hubble
constant at 70.0fé%0 km s~! Mpc™! [29]. Using the delay At = 1.74 4 0.05 s between the
GW and the electromagnetic signal [28], it was possible to constrain the gravitational wave
speed cq4. Its difference relative to the light speed ¢ was found to be very close to zero,
namely —3.1071° < cg/c—1 < 7.107'6. This result has profound implications for many
modified gravity theories and dark energy models [30-33]. For a more complete review of
GW astronomy, see [34].

The third generation (3G) GW detectors are the space interferometer LISA [35] and
ground-based interferometers, such as the Einstein Telescope (ET) [36, 37] in Europe and
the Cosmic Explorer in the U.S.A. [38]. The ET consists of three underground detectors
distributed in the form of an equilateral triangle with 10 km arms. Covering the frequency
range of 1 — 10 Hz, it is expected to detect a rate of 103 — 107 events of NS-NS and NSBH
coalescence per year, but we expect to see O(10?) events with electromagnetic counterpart.
Forecasts using GW’s which could be detected by ET was discussed by [39, 40] in the context
of ACDM model. Extra parameters as cosmic opacity [41], interaction in vacuum-energy [42],
interaction dark fluids [43], holographic dark energy [44] and modified gravitational wave
propagation [45-48] were also analysed in the context of gravitational wave standard siren
(GW SS). In this work, we will simulate GW’s in the context of a phenomenological interact-
ing dark sector model. Our goal is to determine how GW data only will be able to constrain
the model parameters and how these data can improve the constraints obtained by current
cosmological probes using Snla, BAO and CMB. In the conclusions we will compare our
results with the results obtained in [42, 43].

The paper is organized as follows. In section II, we present the method to use GWs as
standard sirens and detection with ET telescope. In section III, we present a different class
of interacting models. In section IV, we explain the methodology and section V discusses our
results. Finally, our conclusions are presented in section VL.

2 Gravitational waves as standard sirens
The GW signal can provide a measurement of the luminosity distance, thus considered a

standard siren, in analogy to Snla, which is considered a standard candle. The theoretical
expression for the luminosity distance in a FLRW flat space-time is

_c(l42) [F dY




where E(z,9) = H(z,€Q)/Hy is the normalized Hubble function, which depends on the
redshift z and the parameter set ) characterizing the cosmological model. The distance
modulus corresponds to a logarithmic form of luminosity distance,

dr,

The GW amplitude depends on the so-called chirp mass of a compact binary system,
defined as M, = Mn*/®, where M = mj + my is the total mass of the system and n =
mimso/M? is the symmetric mass ratio. The chirp mass can be measured by GW signal
phasing [39, 40], thus we can obtain d, from the GW amplitude. Interferometers measure
the strain h(t), which is the relative difference between two distances. In transverse-traceless
gauge characterized by “plus” modes hy and “times” modes hy, the strain is given by

h(t) = Fi (0,9, ¢¥)hy(t) + Fx (0,0, V)b (t) (2.3)

where F . are the beam pattern functions, 1 is the polarization angle and (6, ¢) are the

angles of the location of the source in the sky. The ET beam pattern functions are given by
3|1

FS) (0,0,9) = V3 [(1 + cos? ) cos 2¢) cos 21 — cos fsin 2¢ sin 21/1] ,

2 |2
FS)(G, b, ) = \ég [;(1 + cos? 0) cos 2¢ sin 21 — cos 0 sin 2¢ cos Qw] . (2.4)

Since the three interferometers are arranged in an equilateral triangle with 60° angle with
each other, the two other beam pattern functions are related to the first by Ff)X 0,0,9) =
1 3 1
FLL (0.6 + 2m/3,) and FLL (0, 6,0) = FL (6,6 + 47/3,4)).
It is important to make clear that from now on when we refer to chirp mass, we will be

referring to the observed chirp mass, related to the physical chirp mass by a redshift factor,
ie, M¢obs = (14 2) M phys- The Fourier transform #H(f) of the strain h(t) is

H(f) = Af /0D (2.5)

where ¥(f) is a phase and the amplitude is given by

1
A= E\/Fi(l + cost)? + 4F2 cost x 4/ Z%WJ/GME/(S , (2.6)

where ¢ is the angle between the angular orbital momentum and the line of sight.
We will generate a mock catalog dj, — z by coalescence of BNS pair in the mass range

[1—2] My, for each individual neutron star. The redshift distribution of the observable sources

follow the function [48]

R.(z)

P(z)= -5
010 R.(z) dz

(2.7)
where R.(z) describes the redshift evolution of burst rate per unity of redshift. It takes

the form
_ Rpns(z) dV (z)

1+2 dz

R:(2) , (2.8)



where dV/dz is the comoving volume element and Rpns(z) is the rate per volume in the
source frame, which can be modeled by combining the formation rate of massive binaries Rp
and the delay time distribution P(tg) [48-51]:

RBNs(z) = /tma" RF(Zf)P(td)dtd. (2.9)

tmin

P(tg) t;l for tg > tmin, tmin = 20 Myr is the minimal delay time for a BNS system to
evolve to merger, tyax is the Hubble time and 2y is the binary pair formation redshift. For
Rpns(z) was adopted the cosmic star formation rate based in Gamma-Ray Burst (GRB) rate
from [52]. For the present time rate we adopted Rpns(z = 0) = 920 Gpc 3yr~! estimated
by 01/02 LIGO/Virgo observation run with the assumption that the mass distribution of
neutron stars follow a gaussian mass distribution [22]. Following [39, 40], since the maximal
inclination is ¢ = 20°, we consider ¢ = 0° and assume that the amplitude given by eq. (2.6)
does not depend on the polarization angle .

To perform the complete simulation, we need the noise power spectral density Sp(f)
(PSD) of ET given in [39] to calculate the Signal-to-Noise ratio (SNR) of the network of
three independent interferometers

(2.10)

where p( = \/(H®,H®). The inner product of two functions a(t) and b(t) is defined as

fuppera b* a* b
fo5) = 4 /f GIGE (f)b(f)sj{fy 2.1)

where a(f) and b(f) are, respectively, the Fourier transforms of a(t) and b(t). The lower limit
in frequency of ET is fiower = 1 Hz and the upper limit is given by fupper = 2/ (63/ 2271 M)
where Mops = (1 + 2) Mphys is the observed total mass [39].

The standard Fisher matrix method is used to estimate the instrumental error in lumi-
nosity distance, assuming that this parameter is uncorrelated with any other GW parame-

ters [53], such that
. oM OH\
mst
inst

Since H dzl, we have oy ~ dj, /p. To take into account the effect of inclination ¢, where
0° <+ < 90°, we add a factor of 2 in the instrumental error. Therefore,

. 2d
st o TL' (2.13)

We have to consider an additional error due to gravitational lensing. For ET, this error is

crileL][1S = 0.05 zdp. Thus, the total uncertainty on luminosity distance is

o, =\ (0 + ()2

[ (2d\?
— \/(,;) +(0.05 zdp)?. (2.14)




The uncertainty in the distance modulus (2.2) is propagated from the uncertainty in lumi-
nosity distance (2.14) as
5 o0gq,
oy = ———=
*In10 dp,

which we use to generate the mock error bars in the distance modulus catalog.

(2.15)

3 Interacting dark sector scenario

We consider a homogeneous and isotropic background described by a spacial flat Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric. The total energy density pot consists of four
species: Piot = Pdm + Pde + Po+ pr where “dm” denotes dark matter, “de” denotes dark energy,
“b” baryons and “r” radiation (photons and neutrinos). Since the nature of DM and DE are
still unknown and they dominate the energy content of the universe today, it is reasonable to
consider that the two components of the dark sector can interact with each other. However,
the coupling must be small in view of the fact that the ACDM model agrees very well with
the data and the interacting model can not deviate much from the ACDM predictions.

In this model, baryons and radiation evolve independently of the other components, but
dark matter and dark energy evolve following the coupled conservation equations

Pam + 3H pam = Q (3.1)

Pde + 3H(1 + w)pge = —Q (3.2)

in such a way that the total energy density of the dark sector is still conserved. In equa-
tions (3.1) and (3.2), a dot represents derivative with respect to the cosmic time, w represents
the dark energy equation of state and @ is the coupling. Note that () > 0 means that the
energy transfers from dark energy to dark matter and for ) < 0 we have the opposite. By
dimensional analysis, we know that the coupling function ) must have dimension of en-
ergy density p over time t. We consider three phenomenological models: Model I, where
Q = 3HEpam; Model 11, where @Q = 3HEpge; and Model IIT where Q@ = 3HE(pam + pde)-
Here, £ is the coupling constant.

3.1 Model I

For this model, we can solve the system of equations given by eq. (3.1) and eq. (3.2) and
obtain the analytical solution as a function of redshift z for dark matter and dark energy
densities, respectively,

pam(2) = pamo(1+ 2)*079) (3.3)
pde(z) = (Pde,o + g_prdm,o) (1 + 2)3(1+w) — f—prdm’o(l -+ 2)3(1_6) . (34)

The normalized Hubble function E(z) = H(z)/Hy is given by the expression

E(z)2 =po(1+ 2)3 + Q0(1+ 2)4
w

+
§+w

Qamo(1+2)179) + (Qde,o + gf_wgdm,0> (14 z)30+e) (3.5)



Parameter | Model I | Model ITIA | Model IIB | Model IIT
Qm 0.312 0.3265 0.2351 0.3149
Hy 67.93 68.76 68.45 67.59

w —1.06 —1.087 —0.9434 —1.051
£ 0.0007273 0.03798 —0.09291 | 0.001205

Table 1. Fiducial values.

3.2 Model I1I

Here, the evolution of dark energy and dark matter densities are, respectively,

pae(2) = paco(1+ 2)PIHEH) (3.6)

3 5§ B(14E+w)
m(2) = | Pdm,0 + 7 Pde 1 — ——Pde,o(1 “ 3.7
Pdm(2) (Pd 70+£+w,0d o) (1+2) £+wpd o(1+2) (3.7)

and the normalized Hubble function is given by the expression
E(2)* = Qo1+ 2)% + Q.01 + 2)*
§ 3 w 3(1+

Qimo + ——e0 | (1 Qaeo(1 ) 3.8
+<d70+€+w de,0 (+Z)+§+w de,o(1+ 2) (3.8)

3.3 Model III

For this model, we solve (3.1) and (3.2) numerically with a modified version of the CAMB
code [54] to obtain dark matter and dark energy densities, Hubble function and luminos-
ity distance.

4 Methodology

As prescript by [48], we generate a “realistic” and an “optimistic” joint GW-GRB sampling,
with 60 and 600 events, respectively. The distribution of events follows eq. (2.7) in a redshift
range (0,2) and we calculate the respective dr(z) and p(z) of each event assuming each
interacting model as a fiducial model. We consider as fiducial values the best-fit parameters
obtained with Planck2015 + BAO + SNIa + Hj data in reference [11] (see table 1). The
Model II will be split in two parts: Model IIA with w < —1 and Model IIB with —1 <
w < —1/3. Model I and Model III are restricted to w < —1. These constraints are due to
instability in curvature perturbations [55, 56].

We randomly generate the mass of neutron stars in the interval [1 —2]Mg. The position
angles 0 and ¢ are in the intervals [0 — 7] and [0 — 27|, respectively. Then, we calculate the
SNR for the three detectors given by eq. (2.10) for each set of random sample and confirm the
detection if p,e; > 8.0. If the detection is confirmed, we calculate the errors o4, and o, by eq.
(2.14) and eq. (2.15), respectively. Finally, we consider as the “real” detection a Gaussian
dispersion around the fiducial values, i.e, & = N(d4, o4, ) and g = N (ufi4, 5,). Thus,
we can simulate a sampling of GW sources with their respective luminosity distance and
redshift as we can see in figure 1, where we simulate an “optimistic” catalog. In figure 2, we
show the p(z) — z simulated catalog for the same catalog.
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Figure 1. Simulated dj(z) — z catalog for “optimistic” GW-GRB joint detections. The red line
shows the fiducial luminosity distance for IM1

000 025 050 075 100 125 150 175 200
4

Figure 2. Simulated p(z) — z catalog for “optimistic” GW-GRB joint detections. The red line shows
the fiducial distance modulus for IM1

After generating the sampling, we are able to constrain the set of model parameters
Q = {Q, Hy,w, £}, We calculate the x? for N simulated data points, given by

= g: [ﬂi - lf(?i;ﬁ)

=1

2
: (4.1)

where %;, i’ and 6/6 are, respectively, the ¢th redshit, distance modulus and error on the
distance modulus of each simulated data set.

5 Results

In this section, we present the constraints obtained for each interacting model and compare
GW with current cosmological probes. Therefore, we calculate the constraints using the
latest data from the Planck satellite mission [5]. We consider Planck 2018 measurements
from high-¢ multipole temperature and polarization data, TT + TE + EE, and also low-£
temperature only Commander likelihood plus EE SimAll likelihood. We also combine the
CMB measurements from Planck with 1048 Snla data from the latest Pantheon sample [57]
and five Baryon Acoustic Oscillations (BAO) data. We use the 6dFGS and SDSS-MGS
measurements at effective redshifts zeg = 0.106 and zeg = 0.15, respectively [58, 59], and the
latest BOSS data release 12 summarized in [60] at redshifts zeg = 0.38, 0.51 and 0.61. We ran
the MCMC algorithm with CMB Planck 2018 data only, CMB+BAO and CMB+SN. Then,
we add the GW “realistic” and “optmistic” simulated data to CMB and to CMB+BAO+SN
in order to determine how GW data can improve the constraints obtained with current



CMB CMB + BAO CMB + SN CMB + GW RI. CMB+BAO+SN+GW RI.

Parameter | Avg. + 68% limits | Avg. £+ 68% limits | Avg. &+ 68% limits | Avg. &+ 68% limits | Avg. &+ 68% limits
Qph? 0.0226210:000183 0.02247+0-000157 0.02257 550018 0.0225675-900173 0.0224575:500132
Qh? 0.12731 55032 0.1221 1505177 0.1282+ 500343 0.12631506547 0.12131500153
1000xsc L042.00057 104155000357 10475300366 10414000035 104135000358
T 0.05154 590711 0.05455+-90692 0.05181+5-9076 0.05204 755073 0.05494 7550759
In(10'°4,) 3.0347 0,012 3.042500132 3.035700165 3.03670010° 3.04370:037
ns 0.9598 300101 0.964275:06359 0.9593500168 0.9608500:37 0.9653500j07

w ~1.84270:50 — 1145756657 ~ 1176700655 ~1.24370157 ~1.0561 50503

3 0.00288175:50127 | 0.000962270-009335 0.00294275:50139 | 0.00236875-000953 | 0.000721810-000257

Hy 83.7217163 69.87128 65.68713 68.871 % 67.8810378
Qe 0.7727500557 0.701675015” 0.64817:5535 0.683970:0103 0.6866 0057
O 0.2273750%7 0.20847 30175 0.351970:0537 0.31615:5163 0.31347000053

o3 0.849970-331 0.834810-9215 0.778775-% 0.765119-19%8 0.817370-0108
Age/Gyr 13.83%0: 193 13.8170:0851 14.0370,3% 13.9470063 13.8370037

Table 2. Model I — Cosmological Parameters for different datasets + GW Real.

cosmological probes. The analyse using CMB data were made with modified versions of
the CAMB code [54] and the CosmoMC code [61, 62]. We set the statistical convergence
according to the Gelman and Rubin criterion as R — 1 = 0.03 [63].

5.1 Model I

In table 2, we list the average and 68% confidence levels (C.L.) for the parameters of Model
I (section 3.1). There we compare the constraints for different datasets with our “realistic”
catalog, while in table 3 we compare the constraints using the “realistic” or “optimistic”
simulated data. For the coupling constant £, CMB+GW Real. provide an improvement to
CMB data only (~ 27%) which is less than CMB+BAO (~ 55%), but superior to CMB+SN
(~ 9%). For Hy, GW presents a very restrictive power, with improvements in relation to CMB
data of ~ 88%, which is better than CMB+BAO (~ 85%) and CMB+SN (~ 86%). With
respect to €,, CMB+GW Real. have a more restrictive power (~ 79%) than CMB+BAO
(~ 75%) and CMB+SN (~ 54%), while for the EoS w it is inferior: ~ 71% in comparison
to CMB+BAO (~ 81%) and SN (~ 82%). Combining all data together, we obtain an
improvement in the parameter constraints with respect to Planck only of: (~ 66%) for the
interaction &, (~ 94%) for the Hubble constant, (~ 88%) for the matter fraction 2, and
(~92%) for the dark energy EoS.

When we consider CMB+GW Opt., we obtain an improvement in the coupling
of ~ 42% with respect to CMB-+GW Real., but no significant improvement between
CMB+4+BAO+4+SN+GW Opt. and CMB4+BAO+SN+GW Real. Meanwhile, for the Hub-
ble constant, the addition of an optimistic catalog for CMB and CMB+BAO+SN restricts
in ~ 44% and ~ 57% with respect to the addition of GW Real. to the same datasets, re-
spectively. For Q,,, they are respectively ~ 76% and ~ 61%, and for w they are ~ 59% and
~ 3%. Figure 3 presents the 1-D and 2-D confidence level contours for those parameters
using different data configurations.



CMB + GW RIL CMB + GW Opt. CMB+BAO+SN+GW RI. CMB+BAO+SN+GW Opt.
Parameter | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £+ 68% limits
Opf | 00mnCOgRE | 000l gRRE | 0025 DR | 0.02245 By
0.00269 0.00147 0.00119 0.00114
Qch? 0.1263% 500247 0.1244% 500134 0.1213%500138 0.1219%500117
0.000334 0.000313 0.00028 0.000293
1000arc 10410 500332 1.0410:500302 1041560051 1.041%5:000589
T TET RN T e
In(101°A;) 3.03610 016" 3.0387 0156 3.043750157 3.04275015
0.0043 0.0041 0.00405 0.00393
s 0.9608 300137 0.9618% 500113 0.96535 00101 0.96497 500355
0.146 0.053 0.0475 0.036
w —1.243%0 151 ~1.146 10 0%6s ~1.0564:005 —1.06806505
3 0.002368* 600074 | 0-001622%06036, | 0.0007218¥GE00E57 | 0.0009523%5 600457
117 0.321 0.574 0.227
Ho 6881117 68.09+0-321 67.88+0-574 67.711022
0.0102 0.00237 0.00642 0.00234
Qe 0.6839700103 0.6818500335 0.6866 500575 0.68377 500232
0.0103 0.00235 0.00575 0.00232
Qrm 0.316170103 0.3182% 500237 0.3134% 500615 0.3163%500231
o 0.7651%0 747 0.8219%00337, 0.81737015) 0.8179750101
Age/Cyr 13.947 0053 13.89 70031 13.837005% 138570056
Table 3. Model I — Cosmological Parameters for GW Real. and GW Opt.
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Figure 3. 1D and 2D confidence contours for IM1.

5.2 Model ITA

Again we consider the effect of GW measurements with a “realistic” and compare with an
“optimistic” catalog, which are shown in table 4 and table 5, respectively. Figure 4 shows
1-D and 2-D confidence contours. We can see that the addition of GW’s do not restrict
significantly the contours in £ in relation to other datasets. However, for the other parameters,
the addition of GW’s has a remarkable effect. In special for Hy, we have improvements with
relation to CMB data of ~ 64% to CMB+GW Real., which is better than CMB+BAO
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Figure 4. 1D and 2D confidence contours for IM2A.

(~ 58%) and worse than CMB+SN (~ 89%). With respect to Q,,, CMB+GW Real. have
a more restrictive power (~ 54%) than CMB+BAO (~ 47%) and CMB+SN (~ 51%), while
for the EoS w is ~ 81% in comparison to CMB+BAO (~ 78%) and CMB+SN (~ 83%). The
combination of those data improve our constraints with respect to Planck only as: (~ 93%)
for Hy, (~ 54%) for the matter fraction and (~ 84%) for the dark energy EoS.

There is no significant improvement to CMB+GW Opt. in relation to CMB+GW Real.
for the coupling parameter, but there is an improvement of ~ 4% to CMB+BAO+SN+GW
Opt. in relation to CMB+BAO+SN+GW Real., while for Hy the restriction is ~ 73% and
~ 63% better, respectively. For Q,,, they are respectively ~ 6% and ~ 4%, and for w are
respectively ~ 22% and ~ 6%.

5.3 Model IIB

In table 6 and 7, we list the average and 68% C.L. for the parameters of Model IIB for “+
GW Real.” and the comparison between the two GW catalogs. Figure 5 shows 1-D and 2-D
confidence contours. For the coupling constant £, CMB+GW Real. provide an improvement
to CMB data only (~ 28%) better than CMB+BAO (~ 18%), and equal to CMB+SN.
For Hy, GW presents a very restrictive power, with improvements in relation to CMB data
of ~ 88% to CMB+GW Real., which is better than CMB+BAO (~ 85%) and CMB+SN
(~ 86%). With respect to €,,,, CMB4+GW Real. have a more restrictive power (~ 38%)
than CMB+BAO (~ 31%) and less than CMB+SN (~ 41%), while for EoS w is ~ 28% in
comparison to CMB+BAO (~ 4%) and SN (~ 10%). All those data combined improve the
constraints with respect to Planck by (~ 34%) for the interaction parameter, (~ 81%) for
the Hubble constant, (~ 49%) for the matter parameter and (~ 26%) for the EoS.
Comparing CMB+GW Opt. with CM+GW Real. and CMB+BAO+SN+GW Opt.
with respect to CMB+BAO+SN+GW Real., we have improvements of ~ 4% and ~ 6%

~10 -



CMB CMB + BAO CMB + SN CMB + GW RI. CMB+BAO+SN+GW RI.

Parameter | Avg. + 68% limits | Avg. £+ 68% limits | Avg. &+ 68% limits | Avg. &+ 68% limits | Avg. &+ 68% limits
Qh? 0.0223870:000133 | 0.0223870000158 | 0.0223610000155 | 0.022351000005 | 0.02242 5000
Q.h? 0.133370:99514 0.135710: 0853 0.135415- 90514 0.135109075t 0.13470:0102
1000xsc 10475000535 10475000286 10475000238 1.0475,000273 10475000285
T 0.05429F5-96719 0.054885-90759 0.05427F5-50755 0.0539575-507 0.0553575-50762
In(10'°4,) 3.044%0 076" 3.0457001% 3.04570:01%5 3.04470: 016 3.045700136
ns 0.965* 500135 0.9651+5:0015 0.9643 1500132 0.9642°5:0045¢ 0.9658 40012

w ~ 15867054 ~1.099%5:0%5 —1.08870:0396 ~ 1125700338 —1.08970: 0551

3 0.0371875:512 0.0535970-5% 0.0517109%32 0.0498570-5153 0.0507710-01°7

Hy 85.3617148 68.757 118 68.3170:029 69.47139%. 68.7413:89
Qe 0.777575:5576 0.663619-9239 0.660219-9229 0.672310-9%5 0.666110-9%29
QO 0.222575:5271 0.336470923 0.339810-9229 0.327710-9199 0.333970-0399

o 0.892475050 0.7587%0:05% 0.7670035 0.7703%5:03% 0.7589% 00757
Age/Gyr 13.5615:155° 13.7770 0504 13.78700575 13.76700311 13.7750 015

Table 4. Model ITA — Cosmological Parameters for different datasets + GW Real.

CMB + GW RIL CMB + GW Opt. CMB+BAO+SN+GW RIL CMB+BAO+SN+GW Opt.

Parameter | Avg. £ 68% limits | Avg. + 68% limits | Avg. + 68% limits | Avg. + 68% limits

Qi | 00T | 00 | oo R | 0oemsehi,

0. 01350 | 0G| 0amTOn | 01sastpl

wogwe | LOVESER | LorfEL L LorfiET Losgien

T 0.05395500071 | 0.0540870GR7ES | 0.055357000758 | 0.05483TG0H

In(10'°A;) 3.0440 0165 3.045700153 3.04570 015 3.04570017

n. 0.0642°0%08 | 096330800 | 0.06581A0ES | 096517000

CLa2EOES | Lo2fEEl | —Loso’blMe | _ppsstone

¢ 0.04985+30193 0.04961+39172 0.05077+39177 0.048661 0017

Hy 69.4710:9% 68.6170315 68.7410.50 68.5310 357

Qe 0.672315:923 0.664375- 024> 06661799229 0.66570:0729

O 0.3277+0:0199 0.3357+90%1 0.333910:01%9 0.33510 032

os 0.7703+3:0358 0.7673+0:040 0.758910:0316 0.76291 00505

Age/Gyr 13.7615-0217 13.7810:013 1377450187 13,7700
Table 5. Model ITA — Cosmological Parameters for different + GW Opt.

in the coupling and ~ 80% and ~ 64% in the Hubble constant, respectively. There is no
significant improvements in €2, and w due to addition of GW Opt. catalog with respect to

GW Real.

5.4 Model III

As we can see in table 8, there is an improvement of ~ 35% in the coupling constant due
to addition of GW Real. catalog to CMB data. This improvement is better than CMB+SN
(~12%), but inferior to CMB+BAO (~ 54%). For the Hubble constant, CMB+ GW Real.
shows an improvement of ~ 87% with respect to CMB data only, while CMB+BAO and
CMB+SN show an improvement of ~ 85% and ~ 86%, respectively. With respect to ,,,
CMB+GW Real. have a more restrictive power (~ 81%) than CMB+BAO (~ 76%) and
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Figure 5. 1D and 2D confidence contours for IM2B.

CMB CMB + BAO CMB + SN CMB + GW RIL CMB+BAO+SN+GW RI.

Parameter | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £ 68% limits | Avg. + 68% limits
o2 oot | oo | 0omns iR | o0me BR[| onergiy
Q.h? 0.0660475:5352 0.0765375-537 0.0812575:5353 0.0628775-5258 0.08124F0-9267
1006sc L04470057 1044750535 10437000 LO45T05%5 LO43T000%s "
T 0054847560506 0.0553G0g, | 0-05441%00055 | 0054517555075 | 0.055737 55053
In(10'°A;) 3.0467 55155 3.0467 50157 3.0457 50156 3.0457 50156 3.04675015
ns 0.9641%0 50415 0.965310 00156 0.9647 550357 0.9642000:57 0.9661%0065"

w —0.912115:0216 —0.917410:022 —0.922510:0201 —0.938270-0609 —0.934470:01

¢ —0.142215:9556 —0.116675:9593 —0.108+5:9598 —0.1517+99611 —0.1048*0:974%

Hy 68.8473:59 68.437123 68.0870952 69.8871-2 68.74105:8
Qae 0.8059™0 056 0.786750xi6 077444 3555 08229703565 0.779%5:6577
o 0.1941) 562 02140000 | 02056700 | 07t 022145957

o 1519 1203400200 1162409158 LTI 114540520
Age/Gyr 13.7810:052 13.7870:9306 13.7910:027 13.7510:0238 13.77H0:0185

Table 6. Model IIB — Cosmological Parameters for different datasets + GW Real.

CMB+SN (~ 55%), while for EoS w is ~ 63% in comparison to CMB+BAO (~ 81%) and
SN (~ 79%). The improvements with respect to Planck data only using all data together
are: (~ 63%) for &, (~ 94%) for Hy, (~ 88%) for Q,, and (~ 90%) for w.

Using CMB+GW Opt., there is a decrease of ~ 39% in the coupling constant error
and ~ 70% in the Hubble constant error with respect to CM+GW Real., as can be seen in
table 9. In the same table, we can see that there is an improvement of only ~ 4% in £ between
CMB+BAO+SN+GW Opt. and CMB+BAO-+SN+GW Real., and an improvement ~ 47%
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CMB + GW RIL CMB + GW Opt. CMB+BAO+SN+GW RI. CMB+BAO+SN+GW Opt.

Parameter | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £+ 68% limits
Opt | 00 | 00meguRET | 00meTgT | 0omast g
Q.h? 0.06287 13025 0.08431+392%6 0.0812419:92%7 0.0885610 0755
10003s¢ LO45T015 LO43T0013% 10437005 104375016
T 0.05451760735 | 0.05562° 00078 | 0.05573¥00085 | 0.056117008,
In(101°A;) 3.045 00150 3.046705i¢" 3.0467 5015 3.0467501
ns 0.9642000157 0.9657 000105 0.9661 %0505 0.9668 006506

w —0.9382%0 060 —0.9267557%° 0934475565 —0.93087 0653

¢ Coasireglt | ooomatt | oa0astO | oosisotois

, 0512 TR s T 163
. os2t0s | oroordEE | oo | orsorgm
T RS AT

o IR Lo oawst | Loy
A I A e I

Table 7. Model IIB — Cosmological Parameters for GW Real. and GW Opt.

CMB CMB + BAO CMB + SN CMB + GW RL CMB+BAO+SN+GW RI.

Parameter | Avg. + 68% limits | Avg. £+ 68% limits | Avg. &+ 68% limits | Avg. &+ 68% limits | Avg. &+ 68% limits
Qph? 0.0226170000, | 0.022497G00018; | 0.02257F0000Ss | 0.022647GE001 7 | 0.022457GER0I
Q.h2 0.12879:09355 0122400017 0.1288 000522 0.13037 000550 0.121970 00145
1000asc 1047560058 10410000515 10475600355 1047560055 10415050055
T 0.0514613-95735 0.05464F5-9075 0.0518975:5072, 0.0504575-50722 0.0545675-50756
In(104,) 303370016, 30200150 3035200152 3,030 301200102
ns 09600001 096460105 0.9593%000176 0.9583%000.136 0.9648 505

w jLe22t0d | _pastl | —LuRS | Laert | —vLorriOs

3 0.002846 560137 | 0.001005 G007 | 0.002889™0019 | 0.003521%GG0087 | 0.0008411 5560655

Ho 83.357 55 69.971 5 65.6471 5 70.8775 5 68.14755%
Qae 0.7691%00513 0.701870 133 0.6464%0031 0.6941%00067 06877000545
O 0.2309%0013 0.29827031% 0353670034 03059000535 0.3123%000607

o3 084857031 083447521, 0.756810-22% 076871947 0.819970:01%,
Age/Gyr 13834012 1381093 14.03*0107 14.4000 138440020

Table 8. Model IIT — Cosmological Parameters for different datasets + GW Real.

in Hy. For §,,, they are respectively ~ 74% and ~ 59%, and for w they are respectively
~ 60% and ~ 2%. The 1-D and 2-D contours are shown in figure 6.

6 Conclusions

Gravitational waves as standard sirens can be a very useful cosmological probe in the near
future. Third generation detectors like Einstein Telescope can improve current GWs obser-
vations and have sensibility to detect an order of 10 events per year, which is enough to
impose constraints as good as the current cosmological probes.

We consider a non trivial dark sector where dark matter and dark energy interact with
each other. Assuming three phenomenological interacting models as fiducial cosmologies,
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CMB + BAO + SN + GW Real.

CMB + GW RIL CMB + GW Opt. CMB+BAO+SN+GW RI. CMB+BAO+SN+GW Opt.
Parameter | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £ 68% limits | Avg. £+ 68% limits
Qh? 0022647000018, 0.0225870900198 | 0022457900181 | 0.02249599001%2
0.00257 0.00138 0.00135 0.00124
Qch? 0.13030:00226 0.128215:00137 0.121915:00137 0.123915:00123
0.000323 0.0003 0.00029 0.000289
1009]\'10 1'041—0.000319 1'041—0.0[)0295 1'0411—0.000298 1'0411—0.00029
0.00722 0.00739 0.00766 0.00718
T 0.0504570 0075 0.0513470 0674 0.05456 70 o7es 0.0542710 0070¢
In(10'04,) 3.03550157 3.033700155 3.042700157 3.04700158
0.00423 0.00401 0.004 0.00394
Ns 0.9583 4 0042 0.9597 3 50300 0.9648 00303 0.9636 0 0038
0.17 0.0634 0.047 0.0393
w —1.4617015, ~1.309%005% ~1.0770 0355 —1.1427535
3 0.003521 0000875 | 0.00279675000553 | 00008411 00065 | 0.00157375:0001%s
1.31 0.39 0.556 0.293
Hy 70.87113 69.4310:39, 68.14+0:336 68.4410:2%
0.00938 0.00241 0.00607 0.00235
Qae 0.69417 00971 0.68597 0045 0.6877 0 00543 0.68670 60235
0.00971 0.00245 0.00543 0.00235
Qrm 0.30597 00938 0.314175:00341 0.3123%5 00607 0.31474:00235
o 0.76870 57 0.74297575, 0.819975:011 0824570 0o
Age/Gyr 14.5556" 13.96 0 6355 13.8470 630 13.8870 0574
Table 9. Model ITII — Cosmological Parameters for GW Real. and GW Opt.
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Figure 6. 1D and 2D confidence contours for IM3.

we generate a “realistic” and “optimistic” joint GW+GRB mock catalog and use them as
standard sirens to forecast possible constraints in these models. In general, as we increase
the number of events, we obtain more restrictive confidence contours. We also see that the
most sensitive parameter due to standard sirens is the Hubble constant.

The addition of simulated gravitational wave standard sirens to current CMB data
provide constraints as good or better than the addition of BAO and SN to CMB data. For
the Hubble constant there is a decrease of almost ~ 90% in error in relation to CMB data
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only, which suggests that standard sirens can help solving the tension in Hy in the near
future. It has also been shown that the addition of GW data to CMB data can help to break
the degeneracy between the parameters.

Our results are compatible with the results given in Yang et al. [42] for interacting
vacuum-energy models, where the coupling has the form @) = 3H&pqe as in our model IT but
the DE equation of state is fixed, w = —1. The authors of [42] found an improvement of 17%
in € and 35% in Hy due to the addition of GW simulated data to CMB4+BAO+SN data. In
another work, Yang et al. found that an addition of GW SS to CMB data from Planck can
reduce the uncertainty on the DM-DE coupling ¢ by a factor of 5 [43]. They analyzed an
interacting dark energy model with a coupling equivalent to our Model I. All these works have
provided evidence of the great power that can be reached using standard sirens, improving
the constraints obtained by current cosmological probes. Concluding, gravitational waves
will be a very useful observable in cosmology.

For possible future work, we plan to investigate modified gravitational wave propaga-
tion [45-48] due to the presence of an interaction in dark sector.

Acknowledgments

This work was supported by CAPES (Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior) and FAPESP (Fundagao de Amparo & Pesquisa do Estado de Sao Paulo). We truly
thanks an anonymous referee, whose suggestions greatly improved this work.

References

[1] SUPERNOVA SEARCH TEAM collaboration, Observational evidence from supernovae for an
accelerating universe and a cosmological constant, Astron. J. 116 (1998) 1009
[astro-ph/9805201] [INSPIRE].

[2] SUPERNOVA COSMOLOGY PROJECT collaboration, Measurements of Q and A from 42 high
redshift supernovae, Astrophys. J. 517 (1999) 565 [astro-ph/9812133] [INSPIRE].

[3] PLANCK collaboration, Planck 2013 results. XVI. Cosmological parameters, Astron. Astrophys.
571 (2014) A16 [arXiv:1303.5076] [INSPIRE].

[4] PLANCK collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron. Astrophys.
594 (2016) A13 [arXiv:1502.01589] INSPIRE].

[5] PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, arXiv:1807.06209
[INSPIRE].

[6] SDSS collaboration, Detection of the baryon acoustic peak in the large-scale correlation
function of SDSS luminous red galaxies, Astrophys. J. 633 (2005) 560 [astro-ph/0501171]
[INSPIRE].

[7] A. Kashlinsky, F. Atrio-Barandela, D. Kocevski and H. Ebeling, A measurement of large-scale
peculiar velocities of clusters of galaxies: results and cosmological implications, Astrophys. J.
686 (2009) L49 [arXiv:0809.3734] [INSPIRE].

[8] S. Weinberg, The cosmological constant problem, Rev. Mod. Phys. 61 (1989) 1 [INSPIRE].

[9] I. Zlatev, L.-M. Wang and P.J. Steinhardt, Quintessence, cosmic coincidence and the
cosmological constant, Phys. Rev. Lett. 82 (1999) 896 [astro-ph/9807002] [INSPIRE].

[10] E.G.M. Ferreira et al., Evidence for interacting dark energy from BOSS, Phys. Rev. D 95
(2017) 043520 [arXiv:1412.2777] INSPIRE].

~15 —


https://doi.org/10.1086/300499
https://arxiv.org/abs/astro-ph/9805201
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9805201
https://doi.org/10.1086/307221
https://arxiv.org/abs/astro-ph/9812133
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9812133
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://arxiv.org/abs/1303.5076
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5076
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01589
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06209
https://doi.org/10.1086/466512
https://arxiv.org/abs/astro-ph/0501171
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0501171
https://doi.org/10.1086/592947
https://doi.org/10.1086/592947
https://arxiv.org/abs/0809.3734
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3734
https://doi.org/10.1103/RevModPhys.61.1
https://inspirehep.net/search?p=find+J+%22Rev.Mod.Phys.,61,1%22
https://doi.org/10.1103/PhysRevLett.82.896
https://arxiv.org/abs/astro-ph/9807002
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9807002
https://doi.org/10.1103/PhysRevD.95.043520
https://doi.org/10.1103/PhysRevD.95.043520
https://arxiv.org/abs/1412.2777
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.2777

[11]

[12]

[26]

[27]

[28]

A.A. Costa, X.-D. Xu, B. Wang and E. Abdalla, Constraints on interacting dark energy models
from Planck 2015 and redshift-space distortion data, JCAP 01 (2017) 028 [arXiv:1605.04138]
[INSPIRE].

R.J.F. Marcondes et al., Analytic study of the effect of dark energy-dark matter interaction on
the growth of structures, JCAP 12 (2016) 009 [arXiv:1605.05264] InSPIRE].

D.-M. Xia and S. Wang, Constraining interacting dark energy models with latest cosmological
observations, Mon. Not. Roy. Astron. Soc. 463 (2016) 952 [arXiv:1608.04545] [INSPIRE].

S. Kumar and R.C. Nunes, Echo of interactions in the dark sector, Phys. Rev. D 96 (2017)
103511 [arXiv:1702.02143] [INSPIRE].

E. Di Valentino, A. Melchiorri and O. Mena, Can interacting dark energy solve the Hy
tension?, Phys. Rev. D 96 (2017) 043503 [arXiv:1704.08342] [INSPIRE].

W. Yang et al., Tale of stable interacting dark energy, observational signatures and the Hy
tension, JCAP 09 (2018) 019 [arXiv:1805.08252] [INSPIRE].

B. Wang, E. Abdalla, F. Atrio-Barandela and D. Pavon, Dark matter and dark energy
interactions: theoretical challenges, cosmological implications and observational signatures,
Rept. Prog. Phys. 79 (2016) 096901 [arXiv:1603.08299] [InSPIRE].

B.F. Schutz, Determining the Hubble constant from gravitational wave observations, Nature
323 (1986) 310 [INSPIRE].

LIGO SciENTIFIC, VIRGO collaboration, Observation of gravitational waves from a binary
black hole merger, Phys. Rev. Lett. 116 (2016) 061102 [arXiv:1602.03837] INSPIRE].

LIGO ScIENTIFIC, VIRGO collaboration, GW151226: observation of gravitational waves from
a 22-solar-mass binary black hole coalescence, Phys. Rev. Lett. 116 (2016) 241103
[arXiv:1606.04855] [INSPIRE].

LIGO ScienTiFic, VIRGO collaboration, GW170104: Observation of a 50-Solar-Mass
Binary Black Hole Coalescence at Redshift 0.2, Phys. Rev. Lett. 118 (2017) 221101 [Erratum
ibid. 121 (2018) 129901] [arXiv:1706.01812] [INSPIRE].

LIGO ScIENTIFIC, VIRGO collaboration, GW170608: observation of a 19-solar-mass binary
black hole coalescence, Astrophys. J. 851 (2017) L35 [arXiv:1711.05578] [INSPIRE].

LIGO ScIENTIFIC, VIRGO collaboration, GW170814: a three-detector observation of
gravitational waves from a binary black hole coalescence, Phys. Rev. Lett. 119 (2017) 141101
[arXiv:1709.09660] INSPIRE].

LIGO ScIENTIFIC, VIRGO collaboration, GWTC-1: a gravitational-wave transient catalog of
compact binary mergers observed by LIGO and Virgo during the first and second observing
runs, Phys. Rev. X 9 (2019) 031040 [arXiv:1811.12907] INSPIRE].

LIGO ScIENTIFIC, VIRGO collaboration, GW170817: observation of gravitational waves from
a binary neutron star inspiral, Phys. Rev. Lett. 119 (2017) 161101 [arXiv:1710.05832]
[INSPIRE].

A. Goldstein et al., An ordinary short gamma-ray burst with extraordinary implications:
Fermi-GBM detection of GRB 170817A, Astrophys. J. 848 (2017) L14 [arXiv:1710.05446|
[INSPIRE].

V. Savchenko et al., INTEGRAL detection of the first prompt gamma-ray signal coincident
with the gravitational-wave event GW170817, Astrophys. J. 848 (2017) L15
[arXiv:1710.05449] [INSPIRE].

LIGO ScienTiFic, VIRGO, FERMI-GBM, INTEGRAL collaboration, Gravitational waves
and gamma-rays from a binary neutron star merger: GW170817 and GRB 170817A,
Astrophys. J. 848 (2017) L13 [arXiv:1710.05834] [INSPIRE].

~16 —


https://doi.org/10.1088/1475-7516/2017/01/028
https://arxiv.org/abs/1605.04138
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.04138
https://doi.org/10.1088/1475-7516/2016/12/009
https://arxiv.org/abs/1605.05264
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.05264
https://doi.org/10.1093/mnras/stw2073
https://arxiv.org/abs/1608.04545
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.04545
https://doi.org/10.1103/PhysRevD.96.103511
https://doi.org/10.1103/PhysRevD.96.103511
https://arxiv.org/abs/1702.02143
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.02143
https://doi.org/10.1103/PhysRevD.96.043503
https://arxiv.org/abs/1704.08342
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.08342
https://doi.org/10.1088/1475-7516/2018/09/019
https://arxiv.org/abs/1805.08252
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.08252
https://doi.org/10.1088/0034-4885/79/9/096901
https://arxiv.org/abs/1603.08299
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.08299
https://doi.org/10.1038/323310a0
https://doi.org/10.1038/323310a0
https://inspirehep.net/search?p=find+J+%22Nature,323,310%22
https://doi.org/10.1103/PhysRevLett.116.061102
https://arxiv.org/abs/1602.03837
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.03837
https://doi.org/10.1103/PhysRevLett.116.241103
https://arxiv.org/abs/1606.04855
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.04855
https://doi.org/10.1103/PhysRevLett.118.221101
https://arxiv.org/abs/1706.01812
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.01812
https://doi.org/10.3847/2041-8213/aa9f0c
https://arxiv.org/abs/1711.05578
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.05578
https://doi.org/10.1103/PhysRevLett.119.141101
https://arxiv.org/abs/1709.09660
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.09660
https://doi.org/10.1103/PhysRevX.9.031040
https://arxiv.org/abs/1811.12907
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.12907
https://doi.org/10.1103/PhysRevLett.119.161101
https://arxiv.org/abs/1710.05832
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05832
https://doi.org/10.3847/2041-8213/aa8f41
https://arxiv.org/abs/1710.05446
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05446
https://doi.org/10.3847/2041-8213/aa8f94
https://arxiv.org/abs/1710.05449
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05449
https://doi.org/10.3847/2041-8213/aa920c
https://arxiv.org/abs/1710.05834
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05834

[29] LIGO SciENTIFIC, VIRGO, IM2H, DARK ENERGY CAMERA GW-E, DES, DLT40, Las
CUMBRES OBSERVATORY, VINROUGE, MASTER collaboration, A gravitational-wave
standard siren measurement of the Hubble constant, Nature 551 (2017) 85 [arXiv:1710.05835]
[INSPIRE].

[30] T. Baker et al., Strong constraints on cosmological gravity from GW170817 and GRB 170817A,
Phys. Rev. Lett. 119 (2017) 251301 [arXiv:1710.06394] [INSPIRE].

[31] J.M. Ezquiaga and M. Zumalacarregui, Dark energy after GW170817: dead ends and the road
ahead, Phys. Rev. Lett. 119 (2017) 251304 [arXiv:1710.05901] [INSPIRE].

[32] P. Creminelli and F. Vernizzi, Dark energy after GW170817 and GRB170817A, Phys. Rev.
Lett. 119 (2017) 251302 [arXiv:1710.05877] [INSPIRE].

[33] J. Sakstein and B. Jain, Implications of the neutron star merger GW170817 for cosmological
scalar-tensor theories, Phys. Rev. Lett. 119 (2017) 251303 [arXiv:1710.05893] INSPIRE].

[34] J. M. Ezquiaga and M. Zumalacarregui, Dark energy in light of multi-messenger
gravitational-wave astronomy, Front. Astron. Space Sci. 5 (2018) 44 [arXiv:1807.09241].

[35] LISA collaboration, Laser Interferometer Space Antenna, arXiv:1702.00786 [INSPIRE].

[36] B. Sathyaprakash et al., Scientific objectives of Einstein telescope, Class. Quant. Grav. 29
(2012) 124013 [Erratum ibid. 30 (2013) 079501] [arXiv:1206.0331] [INSPIRE].

[37) M. Maggiore et al., Science Case for the Finstein Telescope, JCAP 03 (2020) 050
[arXiv:1912.02622] [INSPIRE].

[38] LIGO SCIENTIFIC collaboration, Exploring the sensitivity of next generation gravitational wave
detectors, Class. Quant. Grav. 34 (2017) 044001 [arXiv:1607.08697] INSPIRE].

[39] W. Zhao, C. Van Den Broeck, D. Baskaran and T.G.F. Li, Determination of dark energy by the
Einstein telescope: comparing with CMB, BAO and SNla observations, Phys. Rev. D 83
(2011) 023005 [arXiv:1009.0206] [INSPIRE].

[40] R.-G. Cai and T. Yang, Estimating cosmological parameters by the simulated data of
gravitational waves from the Finstein Telescope, Phys. Rev. D 95 (2017) 044024
[arXiv:1608.08008] [INSPIRE].

[41] J.-Z. Qi, S. Cao, Y. Pan and J. Li, Cosmic opacity: cosmological-model-independent tests from
gravitational waves and Type Ia Supernova, Phys. Dark Univ. 26 (2019) 100338
[arXiv:1902.01702] [INSPIRE].

[42] W. Yang et al., Forecasting interacting vacuum-energy models using gravitational waves,
arXiv:1904.11980 [INSPIRE].

[43] W. Yang et al., Listening to the sound of dark sector interactions with gravitational wave
standard sirens, JCAP 07 (2019) 037 [arXiv:1905.08286] [INSPIRE].

[44] J.-F. Zhang, H.-Y. Dong, J.-Z. Qi and X. Zhang, Prospect for constraining holographic dark
energy with gravitational wave standard sirens from the Finstein Telescope, Eur. Phys. J. C 80
(2020) 217 [arXiv:1906.07504] INSPIRE].

[45] E. Belgacem, Y. Dirian, S. Foffa and M. Maggiore, Gravitational-wave luminosity distance in
modified gravity theories, Phys. Rev. D 97 (2018) 104066 [arXiv:1712.08108] InSPIRE].

[46] E. Belgacem, Y. Dirian, S. Foffa and M. Maggiore, Modified gravitational-wave propagation and
standard sirens, Phys. Rev. D 98 (2018) 023510 [arXiv:1805.08731] [INSPIRE].

[47] LISA CosMoLOGY WORKING GROUP collaboration, Testing modified gravity at cosmological
distances with LISA standard sirens, JCAP 07 (2019) 024 [arXiv:1906.01593] [INSPIRE].

[48] E. Belgacem et al., Cosmology and dark energy from joint gravitational wave-GRB
observations, JCAP 08 (2019) 015 [arXiv:1907.01487] [INSPIRE].

17 -


https://doi.org/10.1038/nature24471
https://arxiv.org/abs/1710.05835
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05835
https://doi.org/10.1103/PhysRevLett.119.251301
https://arxiv.org/abs/1710.06394
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.06394
https://doi.org/10.1103/PhysRevLett.119.251304
https://arxiv.org/abs/1710.05901
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05901
https://doi.org/10.1103/PhysRevLett.119.251302
https://doi.org/10.1103/PhysRevLett.119.251302
https://arxiv.org/abs/1710.05877
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05877
https://doi.org/10.1103/PhysRevLett.119.251303
https://arxiv.org/abs/1710.05893
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.05893
https://doi.org/10.3389/fspas.2018.00044
https://arxiv.org/abs/1807.09241
https://arxiv.org/abs/1702.00786
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.00786
https://doi.org/10.1088/0264-9381/29/12/124013
https://doi.org/10.1088/0264-9381/29/12/124013
https://arxiv.org/abs/1206.0331
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.0331
https://doi.org/10.1088/1475-7516/2020/03/050
https://arxiv.org/abs/1912.02622
https://inspirehep.net/search?p=find+EPRINT+arXiv:1912.02622
https://doi.org/10.1088/1361-6382/aa51f4
https://arxiv.org/abs/1607.08697
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.08697
https://doi.org/10.1103/PhysRevD.83.023005
https://doi.org/10.1103/PhysRevD.83.023005
https://arxiv.org/abs/1009.0206
https://inspirehep.net/search?p=find+EPRINT+arXiv:1009.0206
https://doi.org/10.1103/PhysRevD.95.044024
https://arxiv.org/abs/1608.08008
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.08008
https://doi.org/10.1016/j.dark.2019.100338
https://arxiv.org/abs/1902.01702
https://inspirehep.net/search?p=find+EPRINT+arXiv:1902.01702
https://arxiv.org/abs/1904.11980
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.11980
https://doi.org/10.1088/1475-7516/2019/07/037
https://arxiv.org/abs/1905.08286
https://inspirehep.net/search?p=find+EPRINT+arXiv:1905.08286
https://doi.org/10.1140/epjc/s10052-020-7767-3
https://doi.org/10.1140/epjc/s10052-020-7767-3
https://arxiv.org/abs/1906.07504
https://inspirehep.net/search?p=find+EPRINT+arXiv:1906.07504
https://doi.org/10.1103/PhysRevD.97.104066
https://arxiv.org/abs/1712.08108
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.08108
https://doi.org/10.1103/PhysRevD.98.023510
https://arxiv.org/abs/1805.08731
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.08731
https://doi.org/10.1088/1475-7516/2019/07/024
https://arxiv.org/abs/1906.01593
https://inspirehep.net/search?p=find+EPRINT+arXiv:1906.01593
https://doi.org/10.1088/1475-7516/2019/08/015
https://arxiv.org/abs/1907.01487
https://inspirehep.net/search?p=find+EPRINT+arXiv:1907.01487

[49]

[50]

[51]

[52]

E. Vangioni et al., Cosmic neutron star merger rate and gravitational waves constrained by the
R process nucleosynthesis, Mon. Not. Roy. Astron. Soc. 455 (2016) 17 [arXiv:1501.01115]
[INSPIRE].

E.J. Howell, K. Ackley, A. Rowlinson and D. Coward, Joint gravitational wave — gamma-ray
burst detection rates in the aftermath of GW170817, arXiv:1811.09168 [INSPIRE].

S. Vitale, W.M. Farr, K. Ng and C.L. Rodriguez, Measuring the star formation rate with
gravitational waves from binary black holes, Astrophys. J. 886 (2019) L1 [arXiv:1808.00901]
[INSPIRE].

E. Vangioni et al., The impact of star formation and gamma-ray burst rates at high redshift on
cosmic chemical evolution and reionization, Mon. Not. Roy. Astron. Soc. 447 (2015) 2575
[arXiv:1409.2462] [INSPIRE].

T.G.F. Li, Extracting physics from gravitational waves: testing the strong-field dynamics of
general relativity and inferring the large-scale structure of the Universe, Ph.D. thesis, Vrije
Universiteit, Amsterdam The Netherlands (2013).

A. Lewis, A. Challinor and A. Lasenby, Efficient computation of CMB anisotropies in closed
FRW models, Astrophys. J. 538 (2000) 473 [astro-ph/9911177] [INSPIRE].

J.-H. He, B. Wang and E. Abdalla, Stability of the curvature perturbation in dark sectors’
mutual interacting models, Phys. Lett. B 671 (2009) 139 [arXiv:0807.3471] [INSPIRE].

M.B. Gavela et al., Dark coupling, JCAP 07 (2009) 034 [Erratum ibid. 05 (2010) E01]
[arXiv:0901.1611] INSPIRE].

D.M. Scolnic et al., The complete light-curve sample of spectroscopically confirmed SNe Ia from
Pan-STARRS1 and cosmological constraints from the combined pantheon sample, Astrophys. J.
859 (2018) 101 [arXiv:1710.00845] [INSPIRE].

F. Beutler et al., The 6dF galaxy survey: Baryon Acoustic Oscillations and the local Hubble
constant, Mon. Not. Roy. Astron. Soc. 416 (2011) 3017 [arXiv:1106.3366].

A.J. Ross et al., The clustering of the SDSS DR7 main Galazy sample — I. A 4 per cent
distance measure at z = 0.15, Mon. Not. Roy. Astron. Soc. 449 (2015) 835 [arXiv:1409.3242]
[INSPIRE].

BOSS collaboration, The clustering of galaxies in the completed SDSS-III Baryon Oscillation
Spectroscopic Survey: cosmological analysis of the DR12 galaxy sample, Mon. Not. Roy.
Astron. Soc. 470 (2017) 2617 [arXiv:1607.03155] INSPIRE].

A. Lewis and S. Bridle, Cosmological parameters from CMB and other data: A Monte Carlo
approach, Phys. Rev. D 66 (2002) 103511 [astro-ph/0205436] [INSPIRE].

A. Lewis, Efficient sampling of fast and slow cosmological parameters, Phys. Rev. D 87 (2013)
103529 [arXiv:1304.4473] [NSPIRE].

A. Gelman and D.B. Rubin, Inference from iterative simulation using multiple sequences,
Statist. Sci. 7 (1992) 457.

~ 18 —


https://doi.org/10.1093/mnras/stv2296
https://arxiv.org/abs/1501.01115
https://inspirehep.net/search?p=find+EPRINT+arXiv:1501.01115
https://arxiv.org/abs/1811.09168
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.09168
https://doi.org/10.3847/2041-8213/ab50c0
https://arxiv.org/abs/1808.00901
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.00901
https://doi.org/10.1093/mnras/stu2600
https://arxiv.org/abs/1409.2462
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.2462
https://doi.org/10.1086/309179
https://arxiv.org/abs/astro-ph/9911177
https://inspirehep.net/search?p=find+EPRINT+astro-ph/9911177
https://doi.org/10.1016/j.physletb.2008.11.062
https://arxiv.org/abs/0807.3471
https://inspirehep.net/search?p=find+EPRINT+arXiv:0807.3471
https://doi.org/10.1088/1475-7516/2009/07/034
https://arxiv.org/abs/0901.1611
https://inspirehep.net/search?p=find+EPRINT+arXiv:0901.1611
https://doi.org/10.3847/1538-4357/aab9bb
https://doi.org/10.3847/1538-4357/aab9bb
https://arxiv.org/abs/1710.00845
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.00845
https://doi.org/10.1111/j.1365-2966.2011.19250.x
https://arxiv.org/abs/1106.3366
https://doi.org/10.1093/mnras/stv154
https://arxiv.org/abs/1409.3242
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.3242
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
https://arxiv.org/abs/1607.03155
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.03155
https://doi.org/10.1103/PhysRevD.66.103511
https://arxiv.org/abs/astro-ph/0205436
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0205436
https://doi.org/10.1103/PhysRevD.87.103529
https://doi.org/10.1103/PhysRevD.87.103529
https://arxiv.org/abs/1304.4473
https://inspirehep.net/search?p=find+EPRINT+arXiv:1304.4473
https://doi.org/10.1214/ss/1177011136

	Introduction
	Gravitational waves as standard sirens
	Interacting dark sector scenario
	Model I
	Model II
	Model III

	Methodology
	Results
	Model I
	Model IIA
	Model IIB
	Model III

	Conclusions

