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ABSTRACT

After the first nearly simultaneous joint observations of gravitational waves and electromag-
netic emission produced by the coalescence of a binary neutron star system, another probe
of the cosmic expansion, which is independent from the cosmic distance ladder, became
available. We perform a global analysis in order to constrain an interacting dark energy
model, characterized by a conformal interaction between dark matter and dark energy, by
combining current data from: Planck observations of the cosmic microwave background
radiation anisotropies, and a compilation of Hubble parameter measurements estimated from
the cosmic chronometers approach as well as from baryon acoustic oscillation measurements.
Moreover, we consider two measurements of the expansion rate of the Universe today, one from
the observations of the Cepheid variables, and another from the merger of the binary neutron
star system GW170817. We find that in this interacting dark energy model, the influence of
the local measurement of the Hubble constant mostly affects the inferred constraints on the
coupling strength parameter between dark energy and dark matter. However, the GW 170817
Hubble constant measurement is found to be more conservative than the Cepheid variables
measurement, and in a better agreement with the current high-redshift cosmological data sets.
Thus, forthcoming gravitational-wave standard siren measurements of the Hubble constant

would be paramount for our understanding of the dark cosmic sector.

Key words: gravitational waves —cosmological parameters —dark energy —dark matter.

1 INTRODUCTION

Gravitational-wave multimessenger astronomy paved the way for
the possibility of using standard sirens to infer the current expansion
rate of our Universe. It has long been acknowledged (see for
instance, Schutz 1986; Krolak & Schutz 1987; Chernoff & Finn
1993; Markovic 1993; Finn 1996; Thorne 1997; Wang & Turner
1997; Zhu, Fujimoto & Tatsumi 2001; Holz & Hughes 2005;
Dalal et al. 2006; Taylor, Gair & Mandel 2012; Nissanke et al.
2013) that gravitational-wave inspiral detections would provide us
with invaluable cosmological information. Since the amplitude of a
binary’s gravitational-wave signal encodes its luminosity distance
(Congedo 2017), binary inspirals became known as standard sirens
(Schutz 1986), which are the gravitational-wave analogues of
type la supernovae standard candle measurements. In particular,
the determination of the Hubble constant from gravitational-wave
standard sirens (Schutz 1986; Krolak & Schutz 1987; Chernoff &
Finn 1993; Finn 1996; Dalal et al. 2006; Taylor et al. 2012; Nissanke
et al. 2013) was demonstrated for the first time by the nearly
concurrent joint observations of the electromagnetic counterpart
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(see Abbott et al. 2017c,d; Arcavi et al. 2017; Coulter et al. 2017;
Goldstein et al. 2017; Savchenko et al. 2017; Soares-Santos et al.
2017; Valenti et al. 2017; Tanvir et al. 2017, and references therein)
to the gravitational-wave signal (Abbott et al. 2017a) produced by
the merger of the binary neutron star system GW170817 that has
been localized to the host galaxy NGC 4993.

Although the first constraint on the Hubble constant from stan-
dard sirens (Abbott et al. 2017b) is significantly weaker than the
inferred constraints from observations of Cepheid variables [see
Riessetal. (2016), and the new analysis of Riess et al. (2018a,b)] and
the extrapolated concordance model cosmic microwave background
(CMB) measurement (Aghanim et al. 2016b) (see also Ade et al.
2014a,2016a; Aghanim et al. 2018), prospective gravitational-wave
standard siren measurements of the Hubble constant are expected
to be significantly improved after the detection of additional
standard siren events. Consequently, these near-future standard
siren measurements of the Hubble constant would be competitive
with the measurements inferred from the more established methods
(Chen, Fishbach & Holz 2018; Feeney et al. 2018a; Hotokezaka
et al. 2018). Moreover, standard siren measurements of the Hubble
constant are independent of the cosmic distance ladder or poorly
understood calibration processes, as these are primarily calibrated
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by the robust theory of General Relativity to cosmological scales and
instrumental systematics are expected to be inconsequential (Karki
et al. 2016; Cahillane et al. 2017; Davis et al. 2019). Furthermore,
we should also point out that the reported standard siren constraint
of Hy=70"3* km s~' Mpc~" at the 68 percent confidence level
is strongly non-Gaussian (Abbott et al. 2017b), with the major
uncertainty being the inclination plane of the binary orbit. This in-
dependent probe of the present-day cosmic expansion is paramount
for the reported discrepancy at the ()30 level (Feeney, Mortlock &
Dalmasso 2018b) between the locally measured (Riess et al. 2016)
and the CMB-derived estimate (Aghanim et al. 2016b) of the Hubble
constant, as forthcoming standard siren detections would be able to
adjudicate between these discrepant measurements (Feeney et al.
2018a). Such disagreement could either be an indication of several
physical mechanisms beyond our concordance model of cosmology
(see for instance, Bernal, Verde & Riess 2016; Di Valentino,
Melchiorri & Silk 2016; Grandis et al. 2016; Huang & Wang 2016;
Karwal & Kamionkowski 2016; Odderskov, Baldi & Amendola
2016; Di Valentino, Melchiorri & Mena 2017b; Lancaster et al.
2017; Prilepina & Tsai 2017; Sold, Gémez-Valent & de Cruz Pérez
2017; Zhao et al. 2017b; Colgdin, Van Putten & Yavartanoo 2018;
Di Valentino, Linder & Melchiorri 2018b; Poulin et al. 2018; van
de Bruck & Mifsud 2018), or unidentified systematic errors (see
Addison et al. 2016; Cardona, Kunz & Pettorino 2017; Odderskov,
Hannestad & Brandbyge 2017; Wu & Huterer 2017; Zhang et al.
2017; Dhawan, Jha & Leibundgut 2018; Feeney et al. 2018b;
Follin & Knox 2018; Camarena & Marra 2018, and references
therein), although there is still no compelling explanation to date.

Given that the derived Hubble constant measurement from
the CMB assumes a Lambda cold dark matter (ACDM) cosmic
evolution, in which the cosmological expansion is dominated by a
cosmological constant (A) and cold dark matter (CDM), a number of
alternative cosmological models have been proposed. For instance,
models with a time-evolving (Zhao et al. 2017a; Di Valentino
et al. 2018b) along with other non-standard dark energy cosmic
components (Huang & Wang 2016; Karwal & Kamionkowski 2016;
Di Valentino et al. 2017a,b; Yang et al. 2018, 2019), and neutrino
contributions (Archidiacono et al. 2016; Ko & Tang 2016; Kumar &
Nunes 2016; Riess et al. 2016; Yang et al. 2017; Zhao et al. 2017b;
Benetti, Graef & Alcaniz 2018; Di Valentino et al. 2018a) have been
shown to partially alleviate this Hubble constant tension reported
in the ACDM framework. Thus, independent gravitational-wave
standard siren measurements of the Hubble constant would certainly
shed light on the physics beyond the concordance cosmological
model, particularly when the sub-percent level is attained. Such
accurate standard siren measurements have repeatedly shown that
these will be able to constrain the cosmological parameters (see
for instance, Dalal et al. 2006; MacLeod & Hogan 2008; Cutler &
Holz 2009; Sathyaprakash, Schutz & Van Den Broeck 2010; Zhao
et al. 2011; Del Pozzo 2012; Nishizawa et al. 2012; Taylor & Gair
2012; Tamanini et al. 2016; Belgacem et al. 2018; Di Valentino et al.
2018c; Feeney et al. 2018a; Congedo & Taylor 2019), and would
be of utmost importance for the forthcoming CMB and baryon
acoustic oscillation (BAO) surveys that are expected to reach an
unprecedented level of accuracy (Abazajian et al. 2016; Di Valentino
et al. 2018d).

We should also remark that apart from the Hubble constant
measurement, the observations of gravitational wave and electro-
magnetic emission from the coalescence of the binary neutron star
system GW170817 have been used to test our understanding of
gravitation and astrophysics (Lombriser & Taylor 2016; Abbott
et al. 2017d, 2018). For instance, the fractional speed difference
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between the speed of light and that of gravity has been exquisitely
found to be less than about one part in 10'3 (Abbott et al. 2017d),
which consequently led to stringent constraints on several modified
theories of gravity (see for instance, Baker et al. 2017; Creminelli &
Vernizzi 2017; Ezquiaga & Zumalacarregui 2017; Sakstein & Jain
2017; de Rham & Melville 2018; Dima & Vernizzi 2018; Langlois
et al. 2018).

It is therefore timely to investigate the impact of the first
gravitational-wave standard siren measurement of the Hubble
constant on the current CMB and cosmic expansion constraints
in the framework of a cosmological model characterized by a non-
standard interacting dark sector. A similar analysis has been carried
out in an extended ACDM model (Di Valentino & Melchiorri
2018), in which the inclusion of the GW170817 Hubble constant
measurement led to improved constraints on the model parameters.
We here consider a cosmological model in which dark matter
and dark energy interact with one another, whereas the standard
model (SM) particles follow their standard cosmological evolution.
Consequently, this coupled dark energy model evades the tight
constraints inferred from the equivalence principle and Solar system
tests (Bertotti, less & Tortora 2003; Will 2014). Due to the obscure
nature of dark matter and dark energy, a dark sector coupling
cannot be excluded from the viewpoint of fundamental physics
(Damour, Gibbons & Gundlach 1990; Wetterich 1995; Carroll 1998;
Holden & Wands 2000; Farrar & Peebles 2004; Gubser & Peebles
2004; Carroll et al. 2009), and such an interaction between these
dark sector constituents is not currently forbidden by cosmological
data (see for instance, Salvatelli et al. 2014; Kumar & Nunes
2016, 2017; Ferreira et al. 2017; van de Bruck, Mifsud & Morrice
2017; van de Bruck & Mifsud 2018; Yang et al. 2019). We here
consider an interacting dark energy model in which an evolving
dark energy scalar field (Peebles & Ratra 1988; Ratra & Peebles
1988; Wetterich 1988) is coupled to the dark matter quanta via the
so-called conformal coupling function, and is characterized by a
dark sector fifth force between the dark matter particles mediated by
the dark energy scalar field. The modified cosmological evolution
along with its distinct cosmological signatures on the linear and
non-linear levels has been exhaustively explored in the literature
(see for instance, Wetterich 1995; Amendola 2000, 2004; Farrar &
Peebles 2004; Mainini & Bonometto 2006; Pettorino & Baccigalupi
2008; Baldi et al. 2010; Baldi 2011a,b, 2012a,b; van de Bruck &
Morrice 2015; Odderskov et al. 2016; Mifsud & van de Bruck
2017), and tight constraints on the model parameters have been
placed (Amendola & Quercellini 2003; Bean et al. 2008; Xia 2009;
Amendola et al. 2012; Pettorino et al. 2012; Pettorino 2013; Xia
2013; Ade et al. 2016b; Miranda et al. 2018; van de Bruck & Mifsud
2018). Thus, the aim of our analysis is to compare the impact of the
Hubble constant measurement derived from the binary neutron star
system GW 170817 with that of the locally inferred Hubble constant
measurement on these tight model parameter constraints.

The organization of this paper is as follows. In Section 2 we
briefly introduce the considered interacting dark energy model, and
in Section 3 we summarize the observational data sets together
with the method that will be employed to infer the cosmological
parameter constraints. We then present and discuss our results in
Section 4, and draw our final remarks and prospective lines of
research in Section 5.

2 INTERACTING DARK ENERGY

We here briefly review the basic equations of our interacting
dark energy (DE) model. The phenomenology of this dark sector
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interaction can be immediately grasped by writing down the Einstein
frame scalar—tensor theory action:

M} 1
S = /d“xf—g [TPIR —58"9,00,6 = V(@) + Loy

+ / 05/ “2 et (s V) ()

in which the gravitational sector has the standard Einstein—Hilbert
form, and defines Mp,> = 87tG such that My, = 2.4 x 10'® GeV is
the reduced Planck mass. DE is promoted to a dynamical scalar field,
as in the vast majority of alternative DE models, and is described
by a canonical quintessence scalar field ¢, with a potential V(¢).
The uncoupled SM particles are depicted by the Lagrangian Lg,;,
which incorporates a relativistic and a baryonic sector (hereafter,
denoted by the subscripts r and b, respectively). Particle quanta of
the dark matter (DM) fields ¢ follow the geodesics defined by the
metric §,, = C(¢)g,,, With C(¢) being the dark sector conformal
coupling function.’

As a consequence of the interaction between the dark sector
constituents, the modified conservation equations of the energy—
momentum tensors of the scalar field and DM are, respectively,
given by

O¢p=Ve—0Q., VTOM=0V,¢, 2)

where V4 = dV/d¢. Moreover, the dark sector coupling function is
given by

c
Q= TgTDM , 3)
with Tpy, being the trace of the perfect fluid energy—momentum
tensor of pressureless DM, denoted by T;B;M~ As illustrated in
equation (1), SM particles are excluded from the dark sector in-
teraction, thus their perfect fluid energy—momentum tensor satisfies
VAT = 0.

On assuming a spatially flat Friedmann—Lemaitre—Robertson—
Walker (FLRW) line element, specified by ds*> = g,,dx*dx" =
a@*(t)[ — dr? + 8;dx'd¥'], the evolution of the DE scalar field is
governed by

¢//+2H¢/+a2‘<¢ — a2Q , (4)

where a prime denotes a derivative with respect to conformal time
7, and defines the conformal Hubble parameter by H = a’/a, with
a(t) being the cosmological scale factor. Furthermore, the DM
energy density, p., satisfies an energy exchange equation, given by

pL+3Hp, = —0¢ 5)

where the coupling function in FLRW simplifies (Wetterich 1995;
Amendola 2000; Zumalacarregui et al. 2013; van de Bruck &
Morrice 2015; Mifsud & van de Bruck 2017)to Q = —C 4p./(2C).
Throughout this paper, we adopt the following exponential confor-
mal coupling and scalar field potential functions

Clg) = ™M, V() = Ve ™/Mn ©)

where o, V), and A are constants.

IThis metric transformation can be considered as a particular case of a
generalized transformation that takes into account a conformal as well as
a non-vanishing disformal (Bekenstein 1993) dark sector coupling function
(Zumalacdrregui, Koivisto & Mota 2013; Koivisto, Wills & Zavala 2014,
van de Bruck & Morrice 2015; Mifsud & van de Bruck 2017; van de Bruck
et al. 2017; van de Bruck & Mifsud 2018; Xiao et al. 2019).

MNRAS 487, 900-907 (2019)

Due to the non-negligible cosmological imprints on the evolu-
tion of cosmic perturbations and background dynamics, such an
interaction within the dark sector has been widely studied and tight
constraints were inferred from several cosmological probes (see for
instance, Amendola & Quercellini 2003; Bean et al. 2008; Xia 2009;
Amendola et al. 2012; Pettorino et al. 2012; Pettorino 2013; Xia
2013; Ade et al. 2016b; Miranda et al. 2018; van de Bruck & Mifsud
2018, and references therein). We here illustrate the distinctive
imprints of two independent Hubble constant measurements on
the Planck and cosmic expansion constraints, particularly on the
allowed conformal coupling strength parameter values.

3 DATA SETS AND METHOD

We now discuss the data sets that are used to confront the above
interacting DE model. In all data set combinations, we consider
the low-multipole (2 < £ < 29) publicly available Planck 2015
data (Aghanim et al. 2016a), along with the high-multipole (¢ >
30) range, and the Planck lensing likelihood in the multipole range
40 < £ <400 (Ade et al. 2016c¢). In the following, we refer to this
combination of temperature, polarization, and lensing CMB angular
power spectra as ‘Planck’. We remark that the inferred parameter
constraints with the temperature CMB angular power spectrum only
have been shown (van de Bruck & Mifsud 2018) to be significantly
weaker, albeit consistent, than those derived from the considered
CMB power spectra.

In order to assess the impact of independent measurements of the
Hubble constant on the inferred model parameter constraints, we
make use of a local measurement of the Hubble constant (hereafter
denoted by H§) (Riess et al. 2016) and the first gravitational-wave
standard siren measurement (hereafter, denoted by HEW) (Abbott
etal. 2017b). Since the latter marginalized posterior distribution for
the Hubble constant is strongly non-Gaussian, we implemented this
prior via an interpolating generalized normal distribution function
that can adequately reproduce the reported constraint of Abbott
et al. (2017b).

In addition, we occasionally further include information on
the cosmic expansion history by making use of Hubble param-
eter measurements at several redshifts derived from the cosmic
chronometers technique (Simon, Verde & Jimenez 2005; Stern
et al. 2010; Moresco et al. 2012; Zhang et al. 2014; Moresco
2015; Moresco et al. 2016; Ratsimbazafy et al. 2017) and also from
BAO surveys (Alam et al. 2017; Bautista et al. 2017; du Mas des
Bourboux et al. 2017), which we, respectively, refer to as H(z)“C and
H(Z)BAO.

We infer the parameter posterior distributions together with their
confidence limits via a customized version of the Markov Chain
Monte Carlo (MCMC) package Monte Python (Audren et al.

Table 1. External flat priors on the cosmological parameters assumed in
this paper.

Parameter Prior

Qph? [0.005, 0.100]

Q.h? [0.01, 0.99]

100 6 [0.5, 10.0]

Treio [0.02, 0.80]

In (10'°4;) [2.7, 4.0]

ns [0.5, 1.5]

A [0.0, 1.7]
[0.00, 0.48]
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2013), which is interfaced with a modified version of the cosmo-
logical Boltzmann code CLASS (Blas, Lesgourgues & Tram 2011),
in which we evolve the background as well as the synchronous
gauge linear perturbation equations (Mifsud & van de Bruck 2017).
For our results, we also made use of the MCMC analysis package
GetDist (Lewis & Bridle 2002), and checked that the results are in
an excellent agreement with those obtained from Monte Python.

We consider flat priors for the interacting DE model parameters
that are allowed to vary in our MCMC analyses. The full range
of each flat prior is listed in Table 1, and refer the reader to our
previous analyses (van de Bruck et al. 2017; van de Bruck & Mifsud
2018) for our choice of priors. This set of parameters consists
of © = {Qyh?, Qch?, 10065, Twio, In(10'°Ay), ng, A, a}. Here,
h is defined in terms of the Hubble constant via Hy = 1004
km s~! Mpc~!, Q,h? represents the effective fractional abundance
of uncoupled baryons, Q.4” is the pressureless coupled CDM
effective energy density, 1006, is the angular scale of the sound
horizon at last scattering defined by the ratio of the sound horizon
at decoupling to the angular diameter distance to the last scattering
surface, 7, is the reionization optical depth parameter, In (101°4;)
is the log power of the scalar amplitude of the primordial power
spectrum together with its scalar spectral index ng, A is the slope
of the scalar field exponential potential, and « is the conformal
coupling parameter. The inferred constraints on these parameters
are reported in the top block of Tables 2-4. Moreover, we also
vary the nuisance parameters according to the procedure described
in Ade et al. (2016a) and Aghanim et al. (2016a). In the lower
block of Tables 2—4, we present marginalized constraints on a
number of derived cosmological parameters, including Hy, the
current total fractional abundance of non-relativistic matter 2,
the linear theory rms fluctuation in total matter in 8 A~' Mpc
spheres denoted by og, and the reionization redshift z.,. We
further adopt a pivot scale of ko = 0.05Mpc™!, and we assume
purely adiabatic scalar perturbations at very early times with null
runnings of the scalar spectral index. Moreover, we fix the neutrino
effective number to its standard value of Ny = 3.046 (Mangano
et al. 2002), as well as the photon temperature today to 7, =
2.7255 K (Fixsen 2009). As mentioned earlier, we assume spatial
flatness.

4 RESULTS

We here discuss the inferred cosmological parameter constraints
following the procedure described in Section 3. As illustrated in
the second column of Table 2, the Planck data set places tight
limits on all model parameters, allowing only for a tiny conformal
coupling within the dark cosmic sector. This is consistent with our
previous analyses that we presented in van de Bruck & Mifsud
(2018), where we further showed that the inclusion of large-scale
structure cosmic probes leads to tighter upper limits on «, although
a mild tension exists between some of these growth-of-structure
data sets in the spatially flat ACDM model (Henry et al. 2009;
Vikhlinin et al. 2009; Mantz et al. 2010; Rozo et al. 2010; Tinker
etal. 2012; Benson et al. 2013; Hajian et al. 2013; Ade et al. 2014b).
Thus, the cosmological bounds presented in this analysis should be
considered as complementary and conservative. If we first focus
on the Hubble constant constraints reported in Table 2, we clearly
observe that the Planck data set prefers lower values of H, with
respect to when we consider H{V, and particularly when we take
into account the HY prior. Consequently, a slightly larger dark sector
coupling is allowed when we consider the Planck + HSY data set
combination, although the inferred constraints are consistent with
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the Planck data set constraints. However, the Planck + H§ joint data
set leads to a non-null dark sector coupling at a statistically high
significance (see Figs 1 and 2). Due to the well-known correlation
between the parameters o and oy (van de Bruck & Mifsud 2018),
the Planck + H{ bound on « gives rise to a significantly large value
of oy which might not be fully compatible with probes of the large-
scale structure (see van de Bruck & Mifsud 2018, for a detailed
discussion).

Since the CMB anisotropies mainly probe the high-redshift
Universe, we further add some information about the low-redshift
cosmic expansion by considering the H(z)C and H(z)®° data
sets, as described in Section 3. We present these constraints
in Table 3, where we independently consider the H(z)°® and
H(z)PA© data sets along with the Planck data set and the Hubble
constant priors, whereas in Table 4 we jointly consider the Hubble
parameter measurements [hereafter, denoted by H(z)“C *BAO]. The
consideration of these cosmic expansion measurements leads to
improved constraints on the interacting DE model parameters with
respect to the inferred constraints from the Planck data set only.
As we clearly illustrate in Figs 1 and 2, the HSY prior always
gives consistent constraints on « with those derived from the
Planck + H(z)°C, Planck+ H(z)PA°, and Planck + H(z)C¢TBAC
data set combinations. On the other hand, the HY prior is always
found to be associated with a non-null conformal coupling between
DM and DE, although the inclusion of the cosmic expansion data
sets leads to slightly smaller values of o with respect to the Planck
only constraints, but still not consistent with a vanishing dark sector
coupling.

Moreover, the Hy likelihood priors improve the upper limit on the
scalar field exponential potential parameter A, particularly when we
consider the HY measurement in our data set combinations. This is
depicted in Fig. 3, where we show the two-dimensional posteriors
for the Planck + H(z)““*BA0, Planck + H(z)““+BA° + HFVY, and
Planck + H(z)®“™BA0 + HR data sets in the A« plane, along
with colour-coded samples depicting the value of the Hubble
constant. In Fig. 4 we show the marginal correlation between o
and H, (consistent with van de Bruck & Mifsud 2018), where
we present the two-dimensional likelihood constraints in the Hy—
a plane. From Figs 3 and 4, we can clearly see the consistency
between the inferred constraints in the A—« and Hy—o planes
with the Planck + H(z)°“*BAO and Planck + H(z)¢C*BAO + HEW
joint data sets. Since the cosmic distance ladder measurement of
the Hubble constant is more accurate than the gravitational-wave
standard siren measurement, such that the latter is compatible with
a broad range of H, values, it is expected that tighter constraints
on Hj are derived in our interacting DE model when we make
use of the HY likelihood prior. This is depicted in Fig. 4, where
we also observe the preference for a non-null interaction in the
dark cosmic sector. Unequivocally, independent constraints on the
Hubble constant would be able to shed light on the nature of DE
and DM, and provide complementary constraints to the forthcoming
cosmological surveys, which are forecasted (Amendola et al. 2012;
Casas et al. 2016; Miranda et al. 2018) to place very tight limits on
this dark sector interaction.

5 CONCLUSIONS

We quantitatively examined the impact of independent Hubble
constant measurements on a tightly constrained direct coupling
between DM and DE. In our interacting DE model, we specifically
considered a conformal coupling within the dark cosmic sector, in

MNRAS 487, 900-907 (2019)
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Table 2. For each model parameter, we report the mean values and 1o errors, together with the 1o (20) upper limits of A and «. The Hubble constant is given

in units of km s~ Mpc~.

J. Mifsud and C. van de Bruck

Parameter Planck + HSV + HR

100 Qp1? 2.22611001% 2.2263790163 2.2274 100198
Qch? 0117471500333 0.1173515:00342 0113561900240
100 6 1.041807900032 1.041807000032 1.041907900032
0.0636" 9145 0.0634705145 0.0662* 50130
In (10'04;) 3.060010-02¢7 3.0596 100238 3.06507 00553
" 096651102055 0.96658 02052 0.969060 0%,
) 0815021 07744283 05234013
I~ 0.0408 00152 0.0416790136 0.0718700208
A <1.1062(1.6001) <1.0370(1.5686) <0.6785(1.1979)
a <0.0529(0.0912) <0.0542(0.0921) <0.0925(0.1132)
Ho 67.907259 68.1812:70 72.047182
Qmn 0.305370:0321 0.30240034 0.2624790167
o 0830150360 08326 s 0.8738"502%
Zreio 8.5411% 8.52+L4l 874113

Table 3. As in Table 2, we here report the mean values and 1o errors for each model parameter, together with the 1o (20) upper limits of A and «. The Hubble
constant is given in units of km s~! Mpc~!.

Parameter Planck + H(z)®C + HFY + HY Planck + H (z)PA0 + HFY + HY

100 22 22260008 22065°00% 222807007 22267001 222650%  22275°00%
Qo 0.11823%0¢006  O.1I8I25GR0  011S04%5000  0.11813%0goies 01179655560y 011471550160
1006 1041805500z, 104180550003 10419070500 104180 G0ge 1041807055 104180705
0062755131 006291513 00655150131 006315013 0.0631 50141 0.0649 150131
In(10'04,) 3.05801 90237 3.058510:0262 3063270023 3.05901 00238 3.058970:0235 3.0624 10950
m 096589 0% 0.96605 00T 0.96806°0BT 09661600 096021 0008 0967040058
! 07709283 0729023 0.415°0120 084503 0785921 0.415°0 123
a 0.033870.03% 0.034210-017 0.058970:03% 0.0354700%s 0.03657 00308 0.06230-0154
A <1.0329(1.5707)  <0.9698(1.5203)  <0.5350(0.9883)  <1.3825(1.6113)  <1.0559(1.5703)  <0.5386(0.9587)
a <0.0443(0.0723)  <0.0448(0.0724)  <0.0798(0.0933)  <0.0498(0.0733)  <0.0535(0.0742)  <0.0816(0.0950)
Ho 67457253 67.687 %34 70,9911 67.251288 67.61725 7131438
o 031019%% 030N 02720%00F 03t 03082%0%0 020090018
o 0.824210.053; 08263150227 08604150515 0822510 0575 08260150265 086411515
Zreio 8.461153 8.4811% 8691134 851415 8.501134 8.641133

which DE is described by a dynamical canonical scalar field and the
gravitational attraction between the DM particles deviates from the
standard one in General Relativity, such that the effective attraction
is enhanced by the presence of a fifth force. Since this coupling
has been repeatedly shown to be robustly constrained by the Planck

conformal coupling within the dark cosmic sector, and marginally
improves the upper limits on A. Thus, we expect that near-future
standard siren measurements of the Hubble constant would place
tighter constraints on this interacting DE model. Furthermore, this
Hubble constant prior was not found to shift the model parameter
CMB data set (see for instance, Pettorino 2013; Xia 2013; Ade constraints inferred from the more established cosmological data
et al. 2016b; Miranda et al. 2018; van de Bruck & Mifsud 2018), sets, and could therefore be considered as a conservative likelihood
we have always considered this crucial information in our joint prior.
data sets. Indeed, tight limits on all model parameters have been On the other hand, the inclusion of the more precise measurement
placed solely with the Planck data set, including tight upper limits of the Hubble constant derived from observations of Cepheid
on the conformal coupling strength parameter «, and the slope of the variables (Riess et al. 2016) was always found to be characterized
scalar field exponential potential A. Moreover, we showed that the by a non-null interaction between DM and DE in the framework
inclusion of a number of Hubble parameter measurements improves of the considered interacting DE model, as it can be seen from
the Planck-only constraints. the blue region in Fig. 4. Although our results indicate that there
In all our analyses that further considered the gravitational- is a strong preference for a non-vanishing dark sector coupling
wave standard siren measurement of the Hubble constant HSV, we for this choice of data, it is important to notice that there are
found that this likelihood prior is compatible with a slightly larger several precise cosmological data sets that can provide much
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Table 4. As in Tables 2 and 3, we here report the mean values and 1o errors for each model parameter, together with the 1o (20') upper limits of A and «. The

Hubble constant is given in units of km s~! Mpc~!.
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Parameter Planck + H(z)CC+BAO + HSV + HR
2 +0.0162 +0.0162 +0.0167
100 Qph 2.22677 50165 2.22677 50167 2.2280" 50174
2 +0.00191 +0.00193 +0.00187
Qch 0.11830% 00160 0.118197 00160 0.115547 00152
+0.00032 +0.00032 +0.00031
100 6 1.041807 5 50032 1.041807 ¢ 00031 1.041907 50032
0.0138 0.0138 0.0138
Treio 0.063175 6141 0.0630%5 512 0.0647 123
10 +0.0254 40.0258 +0.0259
In(10'°4y) 3.05897 0739 3.05857 0537 3.0617% 5 538
+0.00476 +0.00471 +0.00471
s 0.965997 50490 0.966017 5490 0.96752 00436
0.315 0.250 0.113
A 0.802%076 07441072 0.3867 356
0.0170 0.0182 0.0201
a 003340261 0.0342% 005 0.0551% 5075,
A <1.1164(1.5774) <0.9940(1.5273) <0.4985(0.9075)
o <0.0504(0.0675) <0.0524(0.0680) <0.0753(0.0874)
+2.64 +2.42 +1.40
Hy 67.27714; 67.587775 70.667 4,
0.0202 0.0189 0.0141
m 03118749202 0.3085% (0047 02764139141
oy 0.8224+0033% 0.8252* 5030 085650303
1.40 1.40 +1.39
Zreio 8.51 J_r1'25 8'4'9J—rlA26 8.6271,26
— " —_— aw - R 0.125 T T T
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Figure 1. Marginalized one-dimensional posterior distributions for the
conformal coupling parameter «, with the different data set combinations
indicated in the figure. The respective parameter constraints are tabulated in
Tables 2—4.

0.101+ Data set

0.09t{ —— Planck

0.08 ——— Planck +H(Z)CC
’ ———— Planck + H(z)?"°
0.07 H Planck + H(g)CCHBAOf ~mmmmmmmndrensponsfoneyenees
0.06

80.05
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0.02
0.01
0.00

Data set + H(?W +H g

Figure 2. The coloured intervals correspond to the inferred lo two-tail
limits on the conformal coupling strength parameter «. We illustrate all the
data set combinations considered in this paper.

Figure 3. Marginalized two-dimensional constraints on the parameters A
and «, together with samples from the Planck + H(z)CC+BAO joint data set
colour coded with the value of the Hubble constant.

tighter constraints on the model parameters and presumably not
compatible with such a large coupling (Miranda et al. 2018; van de
Bruck & Mifsud 2018). Having said that, other independent Hubble
constant measurements, such as from the time-delay distances in
gravitationally lensed quasar systems (Bonvin et al. 2017; Birrer
et al. 2019), have been shown to be in agreement with the cosmic
distance ladder measurement in the framework of the concordance
model of cosmology. Thus, prospective data from CMB experiments
and galaxy surveys, along with more observations of standard sirens
that would be able to improve current estimates on the Hubble
constant, will certainly enhance our understanding of the dark
cosmic sector and potentially resolve the several tensions present
between a number of cosmological probes.

NOTE ADDED

While this paper was being written up, a new constraint on the
Hubble constant was presented in Soares-Santos et al. (2019), from
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Planck 4 H(z)CC+BAO

0.10f LHSY  gE
0.08
0.06

0.04

0.02

0.00 *
60 64 68 72 76

Hy/kms 'Mpc™!

Figure 4. Marginalized two-dimensional likelihood constraints on the
Hubble constant and the conformal coupling parameter « with different
data set combinations indicated in the figure. The grey (light grey) band
shows the 1o (20') constraint on the Hubble constant as reported in Riess
et al. (2016).

another gravitational-wave source, the binary black-hole merger
GW170814. The value stated, Hy = 75.273)3 km s~! Mpc~', has
larger error bars than the one used in our analyses. Because of
this, adding this supplementary observation will not alter the results
presented in the paper here. But clearly the future is bright for
multimessenger astronomy.
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