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Abstract

The third-generation (3G) gravitational wave (GW) detectors such as the Einstein Telescope or Cosmic Explorer
are expected to play an important role in cosmology. With the help of 3G detectors, we will be able to probe large-
scale structure features such as baryon acoustic oscillations (BAO), galaxy bias, etc. We explore the possibility to
do precision cosmology, with the 3G GW detectors by measuring the angular BAO scale using localization
volumes of compact binary merger events. Through simulations, we show that with a 3G detector network, by
probing the angular BAO scale using purely GW observations, we can constrain the Hubble constant for the
standard model of cosmology (ACDM) with 90% credible regions as Hy = 59.47332 km s~! Mpc~!. When
combined with BAO measurements from galaxy surveys, we show that it can be used to constrain various models
of cosmology such as parameterized models for dark energy equations of state. We also show how cosmological
constraints using BAO measurements from GW observations in the 3G era will complement the same from
spectroscopic surveys.

Unified Astronomy Thesaurus concepts: Cosmology (343); Gravitational waves (678); Baryon acoustic oscillations

(138); Gravitational wave detectors (676)

1. Introduction

In the last few years, the detection of gravitational waves
(GWs) from the merger of compact objects has become a
routine (Abbott et al. 2016, 2017a) and results in detailed
catalogs of GW mergers (Abbott et al. 2021c; Nitz et al. 2023).
The growth of the catalogs enabled us to probe various aspects
of science, to list a few: (i) inferring the population properties,
such as the mass, spin, and redshift distribution of the compact
binaries (Abbott et al. 2021d), (ii) testing the validity of general
relativity (Abbott et al. 2021e), (iii) constraining the equation
of state and radii of neutron stars (Abbott et al. 2018b; Capano
et al. 2020), (iv) constraining the cosmic expansion history and
inferring the value of the Hubble parameter (Abbott et al.
2023), etc.

The idea of probing cosmology with GWs is not only
exciting but also timely as there exists a tension between the
value of the Hubble constant Hy, measured from low-redshift
data such as supernovae (SNe; Riess et al. 2019) and the data
from surveys from the high redshift such as the cosmic
microwave background (CMB; Aghanim et al. 2020). For
example, the value of H, as obtained from Planck 2018
results indicate Hy=67.04 £0.5kms 'Mpc~' (Aghanim
et al. 2020), while the inferred value from the low-redshift
probes such as SNla yields Hy=74.03 4 1.42kms ' Mpc ™'
(Riess et al. 2019). A recent measurement of the local value of
H, from the Hubble Space Telescope (HST) and SHOES team
provides a constraint on the H, with ~1kms ' Mpc™'
uncertainty as Ho=73.30+1.04kms ' Mpc~!, which
implies a 50 difference with the value predicted by Planck
2018 measurements (Riess et al. 2022). All these measurements
assume the standard model of cosmology known as the ACDM
model.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
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of the work, journal citation and DOI.

The very first detection of GWs from the merger of a binary
neutron star (BNS; Abbott et al. 2017a) was accompanied by
observations from various electromagnetic (EM) telescopes
(Abbott et al. 2017b, 2017¢), which made it possible to put the
very first constraints on the value of the Hubble constant from
GW observations (Abbott et al. 2017d). Since then, binary
black hole (BBH) merger events have also been used to put
constraints on the Hubble parameter, by cross-correlating their
localization volumes with the galaxy catalogs (Abbott et al.
2021a). The degeneracy between the mass and redshift of
observed BBH mergers was also explored along with the
population models to put constraints on the value of H
(Mastrogiovanni et al. 2021). The recent estimates of the H
from the recent GWTC-3 catalog with 68% Credible Interval
(CI) indicate Hy=68"5 kms~'Mpc~' (Abbott et al. 2023).
Though the uncertainties on the value of H, measured from the
GW observations are not at the level of resolving Hubble
tension right now, we expect that in the near future, with more
GW observations and improvements in the detector sensitivity,
we can resolve this tension (Chen et al. 2021).

The current generation of detectors such as LIGO-Hanford,
LIGO-Livingston (Aasi et al. 2015), Virgo (Acernese et al.
2015), and KAGRA (Akutsu et al. 2021) are set to undergo
upgrades in various stages in upcoming years (Abbott et al.
2018c), and new detectors such as LIGO-India (Saleem et al.
2022) are expected to join the global detector network at some
point in the future. Thanks to these network improvements, the
source localization is expected to improve considerably
(Fairhurst 2014). Furthermore, the proposed third-generation
(3G) ground-based detectors such as Cosmic Explorer (CE;
Reitze et al. 2019; Evans et al. 2021) and the Einstein
Telescope (ET; Punturo et al. 2010; Sathyaprakash et al. 2012)
are expected to be operational sometime during the next
decade. These detectors will be able to probe the Universe up to
very high redshifts (z ~ 10) and will be able to detect thousands
of GW merger events per year (Mills et al. 2018; Borhanian &
Sathyaprakash 2022). Many of these GW mergers (at lower
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redshifts) are expected to be localized within a square degree so
that the spatial distribution of the localization volumes of well-
localized mergers can be used to probe the large-scale structure
(LSS) of the Universe, e.g., by measuring the galaxy bias
(Vijaykumar et al. 2023), or by detecting the baryon acoustic
oscillations (BAO) peak (Kumar et al. 2022) solely from the
GW observations. The evolution of the galaxy bias as a
function of redshift can be used to do precision cosmology with
GW merger events (Mukherjee et al. 2021).

In this work, we explore another aspect of probing
cosmology with the 3G GW detectors through the LSS. We
show that by detecting the angular BAO peak using
localization volumes of mergers with the 3G GW detector
network, we can put independent constraints on the value of
Hy. Moreover, by combining these results with the BAO
measurements from the galaxy surveys, we should be able to
put stringent constraints on various cosmological parameters
for the standard model of cosmology, as well as on other
phenomenological models for the dark energy parameteriza-
tion. The BAO measurements from the spectroscopic surveys
such as the Sloan Digital Sky Survey (SDSS) do not constrain
the Hubble parameter H;, on its own. In order to put constraints
on H,, the BAO measurements need to be combined with other
observations such as SNIa, CMB data, etc. (Alam et al. 2021).
On the other hand, the BAO measurements that will be
obtained from the localization volumes of mergers of compact
binary coalescence (CBC) sources with the 3G detector
network will have the capability to constrain the Hubble
parameter H, on its own. We show that by combining BAO
observations from spectroscopic surveys and 3G GW observa-
tions, we will be able to put combined constraints on the
cosmological model as both data sets are complementary to
each other.

The structure of this paper is as follows. In Section 2, we
outline the existing methods to probe cosmology using the
current and next generation of GW detectors. We also lay down
the methodology to use the BAO measurements with GW
merger events to constrain cosmological models. In Section 3,
we use simulated data to apply these methods to constrain dark
energy (DE) models. We use three parameterized DE models
along with the standard ACDM model. In Section 4, we
summarize the results.

2. Cosmology with GWs

The data from various cosmological surveys indicate that, at
present, the major constituents of the Universe are dark energy,
dark matter, and baryonic matter (Aghanim et al. 2020). One of
the simplest models that describes the Universe is the so-called
ACDM model, which interprets the dark energy component of
the Universe in terms of the presence of a cosmological
constant A term in the Einstein equations, along with cold dark
matter (CDM), and the baryonic matter, which represents all
visible matter in the Universe (Riess et al. 1998; Weinberg
et al. 2013; Aghanim et al. 2020).

The data from GW detectors consist of a time series s(7),
which contains noise n(f) and might contain a GW signal A(?).
The GW signal from the merger of two compact objects is
modeled as a function of the intrinsic parameters such as
individual masses and spins, as well as extrinsic parameters
such as the luminosity distance (D;), the inclination angle of
the binary with respect to the line of sight, the sky localization
(R.A. and decl. angles), etc. The localization volumes estimated
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for a GW event provide a posterior distribution on sky location
(R.A,, decl.) and D;. If, somehow, we can estimate the redshift
(z) of the GW event independently (Holz & Hughes 2005;
Dalal et al. 2006; Nissanke et al. 2013), then using the D; — z
relation from the so-called Hubble equation, we can put
constraints on the parameters of the cosmological model,
such as the Hubble parameter (H,), the density parameter
corresponding to the matter component (£,,0), etc. The first
detection of GWs from the merger of binary neutron stars,
known as GW170817 (Abbott et al. 2017a), provided one
such opportunity. The electromagnetic (EM) afterglow of
GW170817 was measured by various telescopes across the
globe. It provided the constraints on H, using a GW event for
the first time (Abbott et al. 2017d). Since then, various schemes
have been used to probe cosmology using GW observations.
For BBH merger events, the localization posteriors can be
cross-correlated with the galaxy catalogs to put constraints on
H, (Abbott et al. 2021a). Other methods exploit the degeneracy
between the inferred component masses from GW events and
their redshift by putting combined constraints on H, and on the
population parameters (Mastrogiovanni et al. 2021).

2.1. BAO

BAO are imprints on the distribution of matter from the very
early Universe. In the standard model of cosmology, the
evolution of the Universe is described through three major
phases where the dominant component is radiation, matter, and
dark energy, respectively. In the very early time, the Universe
is assumed to have gone through a period of rapid accelerated
expansion, known as inflation, resulting in an extremely
homogeneous Universe (Guth 1981; Linde 1982; Bau-
mann 2011). After this period, the Universe entered what is
known as the radiation-dominated era, when the temperature of
the Universe was very high so that the protons and electrons
could not form a stable hydrogen atom. The Universe was
dominated by dark matter, and a hot plasma soup of electrons,
protons, and photons. The small perturbations of Gaussian
nature in the very early Universe acted as seeds for
inhomogeneities and those perturbations grew with time. The
competing forces between gravity and electromagnetic radia-
tion pressure in the fluid generated the perturbations, which act
as sound waves in the hot plasma. About 380,000 yr after the
Big Bang, when the temperature of the Universe dropped to a
level such that the electrons and protons could combine to form
hydrogen atoms, the photons were set free, known as the
cosmic microwave background (CMB), and the sound waves
were frozen (Hu & Dodelson 2002; Aghanim et al. 2020).
These features have been preserved in the distribution of matter
as the Universe evolved. These imprints are called BAO
(Bassett & Hlozek 2009; Weinberg et al. 2013) and can be seen
in the two-point correlation function (2PCF) estimated from the
distribution of galaxies (Peebles 1980; Landy & Szalay 1993;
Eisenstein et al. 2005). The comoving sound horizon or BAO
scale r; corresponds to the distance sound waves traversed
before they become frozen. The first confident detection of this
BAO feature with 3.40 certainty was reported by the SDSS
data release 3 (Eisenstein et al. 2005) by measuring 2PCF of
the luminous red galaxies. The BAO scale r, can be used to
probe the cosmology as it provides a standard ruler.
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Table 1
The List of Parameterized Dark Energy Models Considered in This Work
S. No. Model Hubble Equation Parameters
L. ACDM h(Z) = \/Slmo(l + Z)3 + szr{)(l + Z)4 + 1- Szm() - szr() Szm()’ h
2. wCDM h(z) = \/Qmo(l + 23 4+ Q1+ 2)* + (1 — Qo — Q) (1 + 2)30FW Qpos s w
3. wow, CDM Qpos By wo, wo

3(1+wo+wg) _ 3waz
e

h@—Jmame+QMruﬁ+u—Qw—Qw

Notes. (2,0 and €, are present-day density parameters for matter and radiation components, respectively. w, wy, and w, are related to the DE parameterization. The

Ho

parameter / is related to Hubble parameter Hy as h = —————.
100 km s~ "Mpc

2.2. Cosmology Using the Large-scale Structures of the
Universe

The large-scale structures (LSS) (>O(10 Mpc)) of the
Universe can be studied by probing the distribution of matter,
such as in the galaxy surveys, using the 2PCF £(r), which is
related to the excess probability 6P with respect to the expected
random distribution, of finding a pair of galaxies separated by a
distance r,

6P (r) = n[l + &£(r)]dV, (D

where n is the average number of galaxies per unit volume and
dV is the infinitesimal volume or volume element around a
galaxy. The 2PCF &(r) can be estimated from the matter
overdensity field 6 (x):=p(x)/p — 1, where p(x) is the local
matter density at position x and p is the average matter density
of the Universe, as

£(r) = (6(x)6(y)), @)

where the operation ( - ) represents the ensemble average over a
large volume compared to the scales we are probing. An
important assumption here is the statistical homogeneity and
isotropy of the Universe. Due to these assumptions, the
correlation function £ depends only on the magnitude of the
separation between points x and y, r = |x —y|. In general, £(r)
also evolves with the redshift, but if one restricts the analysis to
a given redshift bin, the correlation function in that redshift bin
can be assumed to be constant. Since the dark matter is more
abundant than the baryonic matter (which constitutes the
“visible” galaxies, and intergalactic medium), the galaxies are
expected to follow the gravitational potential well due to dark
matter and to a good approximation, at large scales, the
2PCF of galaxies &y (r) will be related to the dark matter
2PCF &pm(r) via a factor bg, called “galaxy bias” as
§ga,(r) = bgzal &Em(r). In general, this bias, also known as
“clustering bias” can be scale- and redshift-dependent (Coles &
Erdogdu 2007).

Apart from the galaxy bias, the 2PCF is also used to detect
other LSS features, such as the BAO, from the distribution of
matter. As r, can be considered a standard ruler, detecting the
BAO peak at different redshifts provides an independent
method to probe the cosmological parameters. Instead of using
the three-dimensional correlation function &(r), one can also
use the two-point angular correlation function (2PACF) w(6) by
considering the galaxies in different redshift bins and
projecting them along the radial direction in the shell, keeping
in mind that the chosen shell should be small enough for the
linear power spectrum P(k, z) to remain constant in the redshift

bin, i.e., Pk, z) ~ P(k) for z € [z — dz/2, z + dz/2]. The BAO
scale r is related to the angular scale fg50 and to the angular
diameter distance D, as,

s
(1 +2)Ds(2)

By estimating the angular BAO scale fg50(z) at a given
redshift z, one can use the above relation to put constraints on
the cosmological parameters, which are embedded in the
Hubble equation, while calculating the angular diameter
distance,

3)

Opao(z) =

!/

D @) = [T @
Hyl+zJo h(Z; ©)

where h(z;®) is the normalized Hubble equation with

parameters ®, which depend on the cosmological model. For

example, the normalized Hubble equation (at nearby redshifts)

for the spatially flat ACDM model is

h(z) = Qo1 + 2 + Qo1 + 2* + 1 — Qo — Qo
(5)

where Q,,0 = 3H; Pon / (87G) is called the density parameter for
matter (which includes dark matter as well as baryonic matter)
at present (z = 0). 2, is the density parameter corresponding to
the radiation component. ;o and €, represent density
parameters corresponding to the dark matter and baryonic
matter, respectively. It follows that Q4o + Q0 = Q,,,0- Function
h(z) is called the normalized Hubble parameter and is related to

Hubble parameter H(z) as h(z) = H;j), where Hj is the Hubble
constant. In this study, we assume that the spatial curvature is
zero, and we use the relation €, + 2,0 + 240= 1. In Table 1,
we list the Hubble equations for other dark energy parameter-
izations considered in this study.

In the spectroscopic surveys, the BAO scale appears in the
line-of-sight direction and the transverse direction. In the line-
of-sight direction, the Hubble parameter H(z) can be measured
as ¢Az/r,, where Az is the redshift range corresponding to the
BAO scale. The corresponding Hubble distance at that redshift
will be Dy(z) = ¢/H(z). In the transverse direction, the BAO
scale ry is related to the comoving angular diameter scale Dj,(z)
to the angular BAO scale Ogao as ry= Dyp(2)0sao- The
spectroscopic surveys provide the measurements of Dy(z)/r
and Dy(z)/r,. This can be combined into a single quantity
describing spherical averaged distance Dy(z)/r,, Where
Dy (z) = [zD3(2) Dy (2)]'/? (Giostri et al. 2012; Alam et al.
2021).
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Table 2
The 3G Detector Network Configuration (Location, Noise Curves, and Low-frequency Cutoff fi,,,) Used in the Simulations Done in Kumar et al. (2022)
Abbreviation Observatory Sfiow Noise Curve Latitude Longitude
cy Cosmic Explorer USA 52 CE2 40.8 —113.8
(o3 Cosmic Explorer Australia 52 CE2 —31.5 118.0
E Einstein Telescope 2 ET-D Design 43.6 10.5

Note. For the CE detector, subscript (2) represents (late) noise sensitivity curves and superscript (U, A) represents the location of these detectors (USA, Australia).
Similar detector configurations for CE and ET are taken in other studies, such as in Nitz & Dal Canton (2021).

2.3. Probing the Large-scale Structures with GWs

As we expect the 3G detector network to provide a large
number of well-localized GW merger events, the natural
question arises: can we extend the similar methods as used for
galaxies to probe the LSS with the distribution of GW
observations using their localization volumes? Recent studies
have shown that by cross-correlating localization volumes with
galaxy catalogs, the LSS features such as the galaxy bias can be
probed (Mukherjee et al. 2021). In this study, we are interested
in probing the LSS purely with GW observations, without
cross-correlation with galaxy catalogs.

The challenges in probing the LSS with just GW observa-
tions are twofold: (i) the localization volumes obtained from
the posteriors of GW events are currently very wide
(O(10) — O(100) Mpc for D; and O(100) — O(1000) square
degrees for the sky localization; Abbott et al. 2018a; Petrov
et al. 2022), which washes away most of the features in the
LSS, and (ii) the number of events that can be detected by
current-generation GW detectors are not enough to probe the
LSS. However, the planned 3G GW detectors such as the ET
and CE are not only expected to have 1 order of magnitude
better sensitivity compared to current detectors, but also
expected to be more sensitive at low frequencies. This will
allow the 3G detector network to detect enough events with
precise enough localization volumes to make it possible to
probe the LSS purely with GW events. It has been shown that
with the 3G detector network, with 5-10 yr of observation
time, it will be possible to probe the galaxy bias solely from the
GW events (Vijaykumar et al. 2023). Using the nearby BNS
localization volumes (z < 0.3), the angular BAO scale Oga0
can also be probed with the help of the 3G detector network
(Kumar et al. 2022).

The detection of the angular BAO scale fga0 at different
redshifts from the GW localization volumes can be used as
another cosmological probe. The localization volumes of the
GW mergers can be divided into shells of luminosity distance
D;(z) and Oga0(D;) can be recovered (Kumar et al. 2022). We
can then use the measurement of the BAO scale r, from other
surveys, such as CMB surveys, and use Equation (3) to put
constraints on the cosmological parameters. This gives us an
independent approach to constrain cosmological parameters
using combined GW-CMB data.

3. Simulations and Results

We make use of the simulations done in Kumar et al. (2022),
where we use publicly available code: lognormal_galaxies
(Agrawal et al. 2017) to create galaxy catalogs with the given
correlation function £(r) containing the BAO peak. These mock
galaxy catalogs represent a realization of the Universe arising
from the underlying density perturbations. These galaxies act as

13+
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Figure 1. The recovery of the BAO angular scale 6gp0 with BNS merger
events (for a 3G detector network) centered around different values of D; in
shells of about ~150h~' Mpc. The solid continuous curve represents the
relation between g0 and luminosity distance D, to the shell for the ACDM
model used in simulations using parameters from the Planck 2018 results
(Aghanim et al. 2020).

the host to the GW merger events. We then create a catalog of
the BNS merger population consistent with the estimated
merger rates obtained from the LIGO-Virgo-KAGRA analysis
(Abbott et al. 2021b). We use the network of 3G detectors
containing an ET (Punturo et al. 2010) in Europe, and two CE
detectors (Reitze et al. 2019; Evans et al. 2021) located in the
USA and Australia. In Table 2, we show the detector
configuration and location.

In this study, we restrict ourselves to the BNS sources
between the redshift range (0.2 <z<0.3) for the following
reasons:

1. The BNS merger rate is intrinsically higher (10—
1700 Gpc™ yr ') compared to BBH merger rates
(~17-44 Gpc > yr ! at fiducial redshift z = 0.2; Abbott
et al. 20214).

2. Through simulations, we find that in the redshift range
(0.2 £ z<0.3) we will have thousands of BNS events per
year that are localized within a degree square in the sky
(Kumar et al. 2022).

Therefore, with 5-10 yr of accumulated data with the 3G
network, we will have enough highly localized BNS events,
which will enable us to calculate 2PACF w(f) using the
localization volumes from the posterior samples of detected
BNS sources by dividing the BNS sources in various
luminosity distance shells. We also show that using 2PACF,
we will be able to detect the angular BAO scale fgpp in
different luminosity distance shells by fitting for the BAO peak
(Kumar et al. 2022). We would like to emphasize that similar
studies can be performed by other sources (like BBHs) if one
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Figure 2. The one-dimensional marginalized posterior distribution of the Hubble parameter Hy = 100k km s~ Mpc ™" using the angular BAO scale measurements
Osao from simulated GW events with the 3G detector network in three shells centered at D; ~ 1000, 1300, and 1600 Mpc. The injected value is shown by the dashed
vertical line. The three cosmological models used here are described in Table 1. The left panel shows GW-BAO+CMB constraints and the right panel shows

constraints from the GW-BAO-+CMB+EM counterpart.
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Figure 3. The GW-BAO-+EM counterpart constraints on the Hubble parameter
Hy = 100h km s~ Mpc ™" and comoving BAO scale r, [Mpc] for the ACDM
model with BAO measurements from GW localization volumes (simulations).
For the marginalized one-dimensional posteriors, we show 68% bounds with
the median value. For two-dimensional contours, we show 60% and 90%
regions. The injected values are shown by the blue lines.

can accumulate enough localized sources in a given D; shell.
Although, as we go further, the localization volumes of the
sources become larger.

In Figure 1, we show the recovery of the angular BAO scale
at different shells centered around Dj; ~ 1010, 1310, and
1620 Mpc. We use these mock measurements of angular BAO
scale Opao (from simulations) as the input data. The difference
between the angular BAO scale measurement from GW
sources and that from Galaxy sources is that the former is
done in D; space while the latter is done in redshift space. This
makes the constraining power of the data sets complementary
in terms of the set of parameters these data sets can constrain.
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Figure 4. The combined constraints (GW-BAO+SDSS-BAO+CMB) on the
ACDM model with BAO measurements from GW localization volumes (from
simulations) and CMB/BAO constraints from the galaxy surveys. For the
marginalized one-dimensional posteriors, we show 68% bounds with the
median value. For two-dimensional contours, we show 60% and 90% regions.
The injected values are shown by blue lines.

In the Bayesian framework, the posterior probability
distribution p(®|d, I) on the parameters © given the data d,
and any prior information / is described as

£(d|®, DT (O|I)
p(d|D

where L£(d|®, I) is the likelihood function, which represents
the probability of the data given the parameters ® of the model.
m(®|I) is the prior probability distribution on the parameters,
and p(d|l) is called the “Bayesian evidence” or marginalized
likelihood, which acts as the normalization factor for the
posterior distribution. We use the BAO measurements in

p®ld. 1) = (6)
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different shells O5o0(D;) as the data and define the likelihood
function as

2
g

Ld®,]) x exp(_%z (OBA0,i —

i

2
Opa0(®)) ), )

where © are the parameters describing the cosmological model.
Opao.; 18 the estimated angular BAO scale in the ith shell
corresponding to the effective luminosity distance Dj. o; is the
error associated with the measurement of the BAO peak in ith
shell. The reason for assuming this form of likelihood function
is that through simulations, we find that recovered values of
Osao from ~1000 catalogs we generated fit the Gaussian
distribution around the injected value. In general, the likelihood
function 7 will also have a correlation between the different
shells, and the full covariance matrix needs to be calculated and
incorporated. But, in this study, we assume the shells to be
independent and do not expect that to change the conclusions
of the study.

We use the standard ACDM model as a reference model in our
simulations. Other phenomenological DE models as described in
Table 1 are also considered as recovery models, namely the
wCDM model and Chevallier-Polarski-Linder parameterization
wow, CDM model (Chevallier & Polarski 2001). We make use of
the publicly available implementation of nested sampling-based
sampler DYNESTY (Speagle 2020) for parameter estimation. We
use uniform prior on all the parameters in ranges £2,,€
[0.05, 1.0], ©,0€[0.00001, 0.00015], A€ [0.2, 1.5], w, wp €
[—2, 0], and w,€[—4, 4]. In our simulations, the BAO
measurements from GW observations are conducted in luminosity
distance shells of thickness 150 ' Mpc and it is represented by
the effective luminosity distance, Deff, which is the midpoint of
the D, shell. We demonstrate further that HBAO(DLeff) can be
extracted at multiple D§ (see Figure 1). To fit the overall shape of
the curve from the g0 relation (Equation (3)), and account for
the shell thickness, we treat the effective redshift of the shell, z.,
as a free parameter corresponding to various D; shells. The
likelihood function 7 takes the form:

- i 2
L@O. T) x exp(—%z (UBa0,i — OBA0(Zesr> ©)) ), ®)

o2

i i

where 00 is the BAO angular scale measurement in ith shell
and
Ts

B0 (2, ©) = _ _
' (1 + 2l Da(cl. ©)

©)

is the angular BAO scale corresponding to the luminosity distance
shell, and © are the parameters of the cosmological model. We
use the conditional uniform priors on zéff such that it includes the
luminosity distance shell for reasonable cosmology models:
2l € [2(DfT — 75, ©), z(DfT + 75, ©)] for the three mea-
surements of fgao corresponding to the effective distance
DLeflc ~ 1010, 1310, and 1620 Mpc. For a chosen cosmology
model, z(D;, ©®) represents the redshift corresponding to the
luminosity distance D; and sampling parameters ®. We use two
strategies for parameter r;:

1. Calculate r; at given drag epoch z; by estimating the
distance traveled by sound waves in the early Universe
for a cosmology model and parameters: 2,9, €2,,0, and
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Figure 5. The combined constraints (GW-BAO+SDSS-BAO+CMB) on the
wCDM model with BAO measurements from GW localization volumes (from
simulations) and CMB/BAOQO constraints from the galaxy surveys. For the
marginalized one-dimensional posteriors, we show 68% bounds with the
median value. For two-dimensional contours, we show 60% and 90% regions.
The injected values are shown by blue lines corresponding to the ACDM model
with parameters consistent with the Planck 2018 results (Aghanim et al. 2020).

Q0 (Eisenstein & Hu 1998). Q, is set to Planck 2018
value (Aghanim et al. 2020). We call these GW-BAO
+CMB constraints.

2. We let the ry vary as a free parameter and use the uniform
prior in range r, € [50, 250] Mpc. We call these GW-
BAO constraints.

Additionally, we investigate a particular scenario in which we
may have an EM counterpart associated with one of the BNS
signals. In such cases, we can obtain precise values for z.g
corresponding to the luminosity distance shell in which BNS with
an EM counterpart is detected. For this purpose, we use the
luminosity distance shell corresponding to Dff ~ 1010 Mpc
from the simulation, and pivot it to fiducial observed redshift of
Zegr = 0.2. For all other shells, we use the conditional priors on zeg
as described above. These constraints are referred to as GW-BAO
+CMB+EM counterpart constraints.

The Bayesian analysis with 6gs0(D;) measurements from
the simulations provide constraints only on the Hubble
parameter H,. Other cosmological parameters returns the
uniform prior distribution indicating that data lack the power
to constrain these parameters. In Figure 2, we show the
recovery of the Hubble parameter for different cosmological
models. It turns out that with GW-BAO+CMB data it is
possible to constrain the Hubble parameter Hy. The inferred
value of Hy (90% CI) for different models considered
here are: (i) ACDM model: Hy = 59.47337 km s~! Mpc~, (ii)
wCDM model: Hy = 59.07322 km s~! Mpc ™!, and (iii) wow,
CDM model: Hy = 58.71339 km s~ Mpc~!. For GW-BAO
+CMB-+EM constraints, the inferred H, values for
different models turns out to be: (i) ACDM model:
Hy = 63.553]9kms ' Mpc~!, (ii) wCDM model: H,=
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Figure 6. The combined constraints (GW-BAO+SDSS-BAO+CMB) on the wow, CDM model with BAO measurements from GW localization volumes (from
simulations) and CMB/BAO constraints from the galaxy surveys. For the marginalized one-dimensional posteriors, we show 68% bounds with the median value. For
two-dimensional contours, we show 60% and 90% regions. The injected values are shown by blue lines corresponding to the ACDM model with parameters consistent

with the Planck 2018 results (Aghanim et al. 2020).

63.9733$ km s~ Mpc~!, and (iii) wow, CDM model: H, =
63.47352 km s~! Mpc~!. The injected value for the H, is
67.04 kms~ ' Mpc .

For GW-BAO + EM counterpart constraints, where r, is
treated as a free parameter, the results are shown in Figure 3. In
this case, we are able to constrain two parameters: H, and 7.
As expected, the constraints on the H, are wider compared to
the case where the acoustic length scale r; was not treated as a
free parameter.

BAO measurements alone from galaxy surveys provide the
constraints on the €2, but not on the Hubble parameter
Hy. Therefore, combining the GW-BAO measurements and

galaxy-BAO measurements shall provide the combined con-
straints on parameters 2, and Hy. We expect that current and
future spectroscopic surveys such as SDSS (Almeida et al.
2023), Euclid (Laureijs et al. 2011), and Vera C. Rubin
Observatory (Ivezi¢ 2019) will provide more robust BAO
measurements by the time 3G detectors are operational.
However, in this study, we use current galaxy-BAO measure-
ments and combine them with projected GW-BAO measure-
ments from the simulations done for 3G GW detectors to get
conservative estimates of the constraining power of the
combination of the data. We use the current BAO measure-
ments for the angular scales: clustering measurements on



Table 3
The Constraints Obtained on Cosmological Parameters Corresponding to the Models Listed in Table 1

GW-BAO +SDSS-BAO

GW-BAO +EM GW-BAO +CMB GW-BAO +SDSS- GW-BAO +SDSS-BAO  +CMB +EM Counterpart
Parameter Prior Range Model GW-BAO +CMB Counterpart (r, Varying) +EM Counterpart SDSS-BAO BAO +CMB +CMB +EM Counterpart (ry Varying)
Ho(kms™'  1(20,150) ACDM  59.47180(50.41339 72.91282(72.9198) 63.57299(63.5379) 65.97128(65.91214) 68.87138(68.812%) 74.3383(74.31592
Mpc’l)
wCDM  59.01173(59.05333 73.31353(73.31359) 63.97133(63.9%319) 66.97135(66.9°34) 69.5"153(69.579) 75.87319(75.8135%)
wowa CDM  58.7118.1(58.7+339 72.9393(72.94519) 63.41193(63.41359) 65.97127(65.9+21% 68.37138(68.37713 75.57387(75.5+519
Qo 1(0.05, 1) A CDM 0.307002(0.3000D 0.30+392(0.30+3%4 0.297993(0.2979%4 0.30+3:33(0.30*9%4
wCDM 0.28+0%3(0.28+09%) 0.28+093(0.28+9%%) 0.297083(0.20+09%) 0.28+093(0.28+20%)
wow, CDM 0.2970%4(0.2979%) 0.297004(0.29+0:06 0307004030706 0.29+094(0.29+0.96)
ry (Mpc) U(50, 250) A CDM 137. 1*;‘)%(137.&22;2) 137.27329(137.2533¢
wCDM 136.87324(136.81332 138.4135:3(138.41329
wow, CDM 137.34313(137.313%3 138.0733:4(138.04329)
w U-2,0) wCDM —1.25%033(—1.2510:3% 1. 25*33@ —1.25803 —1.23708(—1.237533 —1.2580B(—1.25133
wo UE2,00  wow, CDM —LOSTI(-1.0507)  —1.052047(~1.05073 —L.02*345(—1.02%37) — 106203 (~1.06207;
Wa U4, 4)  wew, CDM —13198(—13173])  —1.431193(—1.4313%) —1.457195(—1.45737) —1.28729(~1.28372

Notes. For each parameter, 68% (90%) confidence intervals are reported. The GW-BAO constraints come from the BAO observation from the simulated GW BNS mergers for 3G detectors. For GW-BAO+CMB
constraints, we calculate the comoving BAO scale r, from sampling cosmological parameters of the model. EM counterpart constraints indicate that one BNS merger event has an EM counterpart. SDSS-BAO+CMB
constraints arise from the measurement of BAO features in SDSS data, and calculating the r, value. The entries with dashed lines indicate that the particular data do not constrain the given parameter, i.e., the posterior
obtained on these parameters just return the prior distribution. The empty entries indicate that the parameter is calculated from other sampling parameters and cosmology models. The ranges of the uniform prior for each
parameter are shown.

01 Iquiedd €20z “(ddQ1) €656 “TYNYNO[ TVOISAHAOULSY dH],

Teuwny|



THE ASTROPHYSICAL JOURNAL, 959:35 (10pp), 2023 December 10

Dy(z)/rs and D(z)/r, at various redshifts as compiled in the
data from SDSS, SDSS-II, BOSS, and eBOSS (Alam et al.
2021). We call the constraints from Galaxy-BAO likelihood
functions to be SDSS-BAO+CMB constraints. We combined
data sets by multiplying the GW-BAO+CMB likelihood and
SDSS-BAO-+CMB likelihood.

In Figures 4, 5, and 6, we show the combined constraints
(GW-BAO+SDSS-BAO+CMB) on the parameters of the
models ACDM, wCDM, and wgw, CDM, respectively. In
Table 3, we collect results from the constraints obtained on
various cosmological parameters with different combinations
of data sets. We observe that (i) GW-BAO+CMB data alone
can constrain the Hubble parameter but not other cosmological
parameters, (ii) spectroscopic BAO measurements alone cannot
constrain the Hubble parameter but they can constrain other
cosmological parameters such as density parameter §2,,9, and
DE parameters, (iii) these two data sets are complementary to
each other and hence combining them will allow us to constrain
the cosmological models from BAO measurements alone, and
(iv) the constraints on H, are relatively weaker if we allow the
parameter rg to vary.

Although, as an example, we show here only a few selected
parameterized DE models, this could also be applied to study
other DE models, such as canonical and noncanonical scalar
field models (Peebles & Ratra 1988; Ratra & Peebles 1988;
Wetterich 1988; Turner & White 1997; Caldwell et al. 1998;
Zlatev et al. 1999; Bagla et al. 2003), Galileon models (Nicolis
et al. 2009; Ali et al. 2010; Gannouji & Sami 2010), and other
models of cosmology based on modified gravity theories
(Clifton et al. 2012).

4. Summary

The future of GW cosmology looks bright as the growing
catalog of GW mergers provides us with an independent probe
of the Universe apart from the traditional electromagnetic
window. The independent probes offer us not only additional
opportunities to constrain the cosmological parameters, but
they might also help to resolve the possible tension between
various data sets such as the so-called Hubble tension between
current CMB data at high redshift (Aghanim et al. 2020) and
SNe data from the low redshifts (Riess et al. 2019). With the
current catalog of GW events, the localization volumes (from
BBHSs) can be used along with galaxy catalogs using cross-
correlation techniques to constrain the Hubble constant H
(Abbott et al. 2021a). In the case of BNS events that have
electromagnetic counterparts (e.g., GW170817), more stringent
constraints can be put on H, because of the precise redshift
information (Abbott et al. 2017d). In the future, we expect
these constraints to become stringent with more GW merger
observations as we expect to detect EM counterparts for a small
fraction of events (such as nearby BNS/NSBH mergers).

The third generation of GW detectors, such as ET and CE, are
expected to be 1 order of magnitude more sensitive than current
generation detectors and will be able to probe lower frequencies
up to a few Hz (Sathyaprakash et al. 2012; Reitze et al. 2019). It
will enable them to detect thousands of GW mergers with precise
enough localization to probe the large-scale structures of the
Universe using their localization volumes solely from the GW
merger observations (Vijaykumar et al. 2023). We should be able
to probe the LSS features, such as galaxy bias and BAO peak, by
measuring the 2PCF from the localization volumes (Kumar et al.
2022; Vijaykumar et al. 2023). In this study, we show that, with a

Kumar

3G detector network, by tracing the angular BAO scale from GW
mergers Ogao(D;) at various luminosity distance bins, we can put
constraints on the cosmological parameters such as the Hubble
constant H, (for the ACDM model) with 90% credible intervals
Hy = 59.47339 km s~! Mpc~!. We show that the constraints on
the cosmological parameters from GW-BAO data are comple-
mentary to the constraints obtained from galaxy-BAO measure-
ments. Therefore, when these data sets are combined, it will
enable us to constrain the parameters of various DE models. In
this study, as a proof of concept, we combine the expected BAO
constraints from GW mergers from the 3G detector network along
with the BAO measurements from current spectroscopic surveys,
though we expect the future spectroscopic surveys to outperform
the current generation of galaxy surveys. Therefore, the results
presented in this study are conservative estimates. We would also
like to emphasize that this is not a unique method to put
constraints on cosmological parameters as more stringent
constraints can be provided by various combinations of data
from other cosmological surveys, e.g., CMB, Type la supernovae,
etc. However, it will still provide an independent probe of
cosmology, which can be combined with the available data from
future galaxy surveys to introduce tighter constraints and, in the
best case, help in resolving the tension between the competing
data sets, if any. This study adds to the science case of 3G
detectors and builds on the previous studies on probing LSS with
a 3G detectors network (Kumar et al. 2022; Vijaykumar
et al. 2023).
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