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Gravitational-wave observations by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) and Virgo have provided us a new tool to explore the Universe on all scales from nu-
clear physics to the cosmos and have the massive potential to further impact fundamental physics,
astrophysics, and cosmology for decades to come. In this paper we have studied the science capa-
bilities of a network of LIGO detectors when they reach their best possible sensitivity, called A♯,
given the infrastructure in which they exist and a new generation of observatories that are factor
of 10 to 100 times more sensitive (depending on the frequency), in particular a pair of L-shaped
Cosmic Explorer observatories (one 40 km and one 20 km arm length) in the US and the triangular
Einstein Telescope with 10 km arms in Europe. We use a set of science metrics derived from the top
priorities of several funding agencies to characterize the science capabilities of different networks.
The presence of one or two A♯ observatories in a network containing two or one next generation
observatories, respectively, will provide good localization capabilities for facilitating multimessenger
astronomy and precision measurement of the Hubble parameter. A network of two Cosmic Explorer
observatories and the Einstein Telescope is critical for accomplishing all the identified science metrics
including the nuclear equation of state, cosmological parameters, the growth of black holes through
cosmic history, but also make new discoveries such as the presence of dark matter within or around
neutron stars and black holes, continuous gravitational waves from rotating neutron stars, transient
signals from supernovae, and the production of stellar-mass black holes in the early Universe. For
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most metrics the triple network of next generation terrestrial observatories are a factor 100 better
than what can be accomplished by a network of three A♯ observatories.
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I. INTRODUCTION

Over the past eight years since their first discovery, the
Laser Interferometer Gravitational-wave Observatory [1]
(LIGO) in the U.S. and the Virgo observatory [2] in Eu-
rope have observed ∼ O(100) binary black hole mergers
and a handful of neutron star binary mergers [3] dur-
ing the first three science runs O1-O3. The fourth sci-
ence run (O4, Advanced LIGO and Virgo sensitivity [1])
and the fifth (O5, A+ sensitivity [4]) over the next two
to seven years will add hundreds more to the catalog
of compact binary coalescences. LIGO and Virgo will
eventually be joined by KAGRA [5] and LIGO-India [6]
to make many more detections and discoveries. These
detections will enable electromagnetic follow-up observa-
tions, multi-messenger astronomy, compact binary popu-
lation inferences, ultra-dense matter phenomenology and
cosmological studies.

The LIGO and Virgo collaborations have already de-
veloped plans for further improvements in sensitivity be-
yond O5 that will fully exploit what is possible at exist-
ing facilities. In particular, the A♯ (pronounced A-sharp)
concept [7] is expected to improve the sensitivity by a
factor of two compared to A+ strain sensitivity [4]. Ac-
complishing sensitivity levels significantly greater than
those currently envisaged will require new facilities, with
longer interferometer arms, but marginal improvements
in detector technology, as described in the NSF-funded
Horizon Study [8] for the Cosmic Explorer (CE) project1.
Einstein Telescope (ET) is a similar concept currently
considered for funding in Europe [9–12]. We shall refer
to CE and ET as next-generation observatories or XG for
short.

The National Science Foundation (NSF) has appointed
a sub-committee2 of the Mathematical and Physical Sci-

1 Visit the CE project website https://dcc.ligo.org/
LIGO-T2200287/public for news and sensitivity curves.

2 Membership of the sub-committee can be found at https://
www.nsf.gov/mps/phy/nggw-members.jsp and NSF’s charge to
the sub-committee is at: https://www.nsf.gov/mps/advisory/
subcommittee_charges/mpsac-nggw-charge_signed.pdf

https://dcc.ligo.org/LIGO-T2200287/public
https://dcc.ligo.org/LIGO-T2200287/public
https://www.nsf.gov/mps/phy/nggw-members.jsp
https://www.nsf.gov/mps/phy/nggw-members.jsp
https://www.nsf.gov/mps/advisory/subcommittee_charges/mpsac-nggw-charge_signed.pdf
https://www.nsf.gov/mps/advisory/subcommittee_charges/mpsac-nggw-charge_signed.pdf
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ences Advisory Committee (MPSAC) to assess and rec-
ommend configurations for a U.S. GW detection network
that can operate at a sensitivity approximately an or-
der of magnitude greater than that of LIGO A+ by the
middle of the next decade2. The sub-committee has in-
vited White Papers from the community addressing sci-
ence motivation and key science objectives, technical de-
scription of the proposed concept(s) and how different as-
pects are associated with key science, current and new
technologies needed, risks, timelines, and approximate
cost assessment, any synergies or dependencies on other
multi-messenger facilities (existing or future)3. The CE
project conducted a trade study to assess the relative
performances of plausible detector networks operating in
the 2030s and summarized the findings in the White Pa-
per [13] (hereby referred to as the WP) submitted in re-
sponse to that call. This document provides the details
of the trade study including the populations considered,
the methodology used, and the results obtained. It serves
as the technical basis for what is reported in the project’s
submission.

Gravitational-wave (GW) observations can address
questions across multiple disciplines from general rela-
tivity to relativistic astrophysics, nuclear physics to dark
matter searches and cosmology to beyond the standard
model of particle physics. They can do this by observing
binary black hole coalescences from an epoch when the
universe was still assembling its first stars, binary neu-
tron stars far beyond redshifts when the star formation in
the universe was at its peak, stochastic backgrounds pro-
duced in the primordial universe, new sources and phe-
nomena such as supernovae, stellar quakes and rapidly
rotating neutron stars and, very likely, new phenomena
and sources not imagined by anyone so far. To realize the
full potential of GW astronomy, it is necessary to build
longer detectors with sensitivity levels that are at least
an order of magnitude better than those of A+ detec-
tors. In this Tech Report, we describe the science that
can be accomplished at the limit of current facilities and
how future observatories like CE can vastly transform
the field of GW astronomy, while answering many of the
pressing problems in high-energy physics, astronomy and
cosmology.

To this end, we consider eight different networks, de-
scribed in Sec. II and summarized in Table III, each con-
sisting of three observatories belonging to one of four
classes: 0 XG: three upgraded LIGO detectors, two in
the US and one in India (HLA), 1 XG: two upgraded
LIGO detectors, in the US or India, and one CE ob-
servatory of 40 km or 20 km arm-length (HLET, 20LA,
40LA) 2 XG: one upgraded LIGO detector in the US
together with two next generation observatories (20LET,
40LET, 2040A), or 3 XG: three next generation obser-
vatories (2040ET). The results of the trade study are

3 The call for White Papers can be found at https://www.nsf.
gov/mps/phy/nggw/WhitePaperCall2.pdf.

summarized in Table I, listed under the five key science
themes that are discussed at length in Sec. V. Our study
concludes that a network of three next generation obser-
vatories composed of a 40 km arm-length Cosmic Ex-
plorer, a 20 km arm-length Cosmic Explorer and a 10
km a side Einstein Telescope triangle is two orders-of-
magnitude better than the planned A+ network in respect
of almost every metric considered in this study. More
precisely, for most metrics the numbers in the last col-
umn of Table I for a network 3 XG observatories are a
factor 100 better than those in the second column cor-
responding to a network of 3 A♯ observatories. A brief
account of our findings is given below.

a. Black Holes and Neutron Stars Throughout Cos-
mic Time A network of XG observatories will build a
survey of black hole mergers from epochs before the uni-
verse was assembling its first stars and observe double
neutron star mergers and neutron star-black hole merg-
ers far beyond redshifts when the star formation rate
was at its peak. Four key metrics for this theme are
listed in Table I. In particular, a network consisting of
at least one XG observatory will chart hundreds of black
hole mergers at z > 10, but a network consisting of at
least two XG observatories is necessary to observe bi-
nary black holes at z > 10 and definitively say if a sub-
population exists at those redshifts. Similarly, a network
of two XG observatories is key to observing neutron star
mergers at z > 1 and measuring their masses accurately
enough to conclude that they are neutron stars. More-
over, XG observatories have the unique opportunity to
detect intermediate-mass black hole binaries up to z ∼ 5,
accurately measure their mass- and redshift-distribution.

b. Multimessenger Astrophysics and Dynamics of
Dense Matter Mergers of double neutron star and neu-
tron star-black hole binaries involve dense matter in rel-
ativistic motion and observing them in the electromag-
netic (EM) window will require accurate 3D localization
and alerts from GW observatories. Seven rows in Ta-
ble I illustrate the power of XG observatories in accom-
plishing all the science goals under this theme. Golden
binary neutron star mergers such as GW170817 would
be observed with a signal-to-noise ratio (SNR) > 103

several times a year. Several tens of high-fidelity sig-
nals will be localized to ∆Ω < 1 deg2, enabling deeper
insight into the physics r-process kilonova, tens of thou-
sands will be localized to within 10 deg2 to study jet
afterglows produced by merger remnants and hundreds
will be detected and localized to within 100 deg2 10 min-
utes before merger, providing pre-merger alerts for EM
follow-up. Tens of thousands of events will be localized
to within 100 deg2 at z > 2 providing an opportunity
to correlate every short gamma-ray burst (GRBs) with
binary neutron star mergers. Finally, hundreds of high-
fidelity signals will enable precision measurement of the
neutron star radius and the equation of state of dense
matter.

c. New Probes of Extreme Astrophysics Next gener-
ation observatories will not be limited to observing just

https://www.nsf.gov/mps/phy/nggw/WhitePaperCall2.pdf
https://www.nsf.gov/mps/phy/nggw/WhitePaperCall2.pdf
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Table I. Comparison of eight different detector networks against five key science goals defined in the text. The comparison uses
several metrics defined in column 1 for each science goal, followed by what’s accomplished by each network in eight columns
corresponding to the eight networks considered in this study (see, III). Each network has 3 observatories and falls into one of
four classes: 0 next generation observatories in column 2, 1 such observatory in columns 3-5, two such observatories in columns
6-8 and three such observatories in column 9. Networks that contain 2 or fewer XG observatories are populated with one or
more A♯ observatories.

Network Performance
Science Goal Requirements 0 XG 1 XG 2 XG 3 XG

HLA HLET 20LA 40LA 20LET 40LET 4020A 4020ET
BHs and NSs Throughout Cosmic Time
Measure mass function, determine formation scenarios:
NBNS/yr, z ≥ 1, δz/z ≤ 0.2, δm1/m1 ≤ 0.3 0 0 0 0 0 7 22 81
Detect the (injected) second Gaussian feature:
NBNS/yr, m1 ≥ 1.5M⊙, δm1/m1 ≤ 0.1 0 37 9 24 68 105 58 155
Unveiling the elusive population of IMBH:
NIMBBH/yr, z ≥ 3, δz/z ≤ 0.2, δm1/m1 ≤ 0.2 6 430 150 190 840 870 510 890
High-z BBH formation channels and mass function:
NBBH/yr z ≥ 10, δz/z ≤ 0.2 δm1/m1 ≤ 0.2 0 12 6 35 65 140 110 230
MMA and Dynamics of Dense Matter
GW170817-like golden sample:
NBNS/yr z ≤ 0.06, ∆Ω ≤ 0.1deg2 0 0 0 0 0 1 1 7
r-process and kilonova-triggered follow up:
NBNS, 0.06 < z ≤ 0.1, ∆Ω ≤ 1deg2 1 8 6 6 26 47 32 71
Jet afterglows, large-FOVs or small-FOV mosaicking:
NBNS/yr, 0.1 < z ≤ 2, ∆Ω ≤ 10deg2 260 1000 780 890 6000 9200 3900 27000
Mapping GRBs to progenitors up to star-formation peak:
NBNS/yr, z > 2, ∆Ω ≤ 100 deg2 0 2 19 37 6300 25000 3700 65000
Pre-merger alerts 10 minutes before merger
NBNS/yr, ∆Ω ≤ 100 deg2 0 20 0 0 200 400 200 700
NS EoS constraints:
NBNS/yr, SNR≥ 100 0 44 24 150 92 260 270 380
NBNS/yr, ∆R < 0.1 km 0 20 72 280 450 320 740
New Probes of Extreme Astrophysics
Pulsars with ellipticity 10−9 detectable in 1 year 1 3 3 5 5 11 9 21
Years to detect 25 pulsars with ellipticity 10−9 12 3.5 3.7 2.3 2.2 1.7 1.7 1.3
Fundamental Physics and Precision Cosmology
Constrain graviton mass:
NBNS/yr, z ≥ 5 0 0 0 84 0 340 580 880
NBBH/yr, z ≥ 5 19 2500 2200 3900 3880 4700 4500 5100
Probing rare events:
NBBH/yr, SNR> 100 15 1900 1300 5000 3700 7500 7000 9500
NBBH/yr, SNR> 1000 1 2 1 5 4 7 7 10
Precision tests of GR (IMR and QNM):
BBH root sum square total SNR 2400 11,000 9800 16,000 15,000 20,000 19,000 22,000
BBH root sum square post-inspiral SNR 1900 5800 5300 8100 7700 9900 9500 11,000
NBBH/yr, post-inspiral SNR> 100 6 319 290 1200 790 1900 1700 2500
Cosmology and tests of GR:
NBNS/yr, z ≤ 0.5, δdL/dL ≤ 0.1 and ∆Ω ≤ 10deg2 14 270 63 71 1100 1600 780 4300
NBBH/yr, δdL/dL ≤ 0.1, ∆Ω ≤ 1 deg2 70 490 290 350 2200 3300 1300 6700
Lensed BNS events/yr: 1 25 10 65 45 90 85 110
Physics Beyond the Standard Model
Stochastic signal ΩGWBG in units of 10−10 2 0.03 0.5 0.3 0.03 0.02 0.06 0.02
Dark matter assisted NS implosions:NBBH/yr 0 2000 1200 4600 4200 8000 6300 9700
Primordial black hole mergers: NpBBH/yr: 0 20 3 12 28 40 21 45
Pop III black hole mergers: NPopIII/yr: 1 1400 1300 1900 2000 2200 2200 2300
Max distance (Mpc) to detectable axion clouds in BHs 0.13 0.73 0.82 1.34 0.60 1.60 1.87 1.66
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compact binary mergers. They will detect new classes of
transient signals, e.g., from core-collapse supernovae and
magnetar flares to continuous waves from rapidly rotat-
ing pulsars. We expect the network of 3 XG observatories
to detect 20 pulsars with ellipticities of 10−9 or smaller
and detect 25 pulsars in less than 2 years. The A♯ net-
work will detect a handful of such signals in its lifetime.
Continuous waves from neutron stars would provide first
hints of the physics of neutron-star crust and an indepen-
dent (from binary mergers) confirmation of the equation
of state of cold dense matter.

d. Fundamental Physics and Precision Cosmology
General relativity has been a highly successful theory in
explaining laboratory experiments and astronomical ob-
servations. Yet, due to some of its conceptual problems
(e.g. the black hole singularity and the information para-
dox), it is largely expected that the theory will prove to
be incompatible with high-precision observations of black
holes and neutron stars in the era of XG observatories.
Signals from binary neutron stars and black holes at red-
shifts larger than 5 will help constrain massive graviton
and other theories that require GWs to travel at sub- or
super-luminal speeds. Thousands of binary black hole
events with SNR > 100 and cumulative SNRs of more
than 20,000 from the entire population of observed bi-
nary black hole mergers in a network of 2 XG observato-
ries will subject general relativity to stringent tests.

Binary coalescences are standard sirens allowing preci-
sion measurement of the luminosity distance to sources.
Thousands of well-localized binary black holes and neu-
tron stars will allow exquisite measurement of the Hubble
constant and other cosmological parameters.

e. Physics Beyond the Standard Model The Stan-
dard Model of particle physics is in excellent agreement
with results from the collider experiments and yet there
are several conceptual problems, e.g. strong CP prob-
lem and QCD axions, which seem to suggest physics be-
yond the Standard Model. Gravitational observations
could discover the presence of axion clouds around black
holes affecting their spin distributions or the accumula-
tion of weakly interacting massive particles in neutron
stars converting them to black holes. A network of XG
observatories will provide direct or indirect evidence of
the existence of dark matter, probe the nature of dark
energy and either detect or set stringent limits on the
stochastic backgrounds from the early universe such as
the electroweak phase transition or cosmic strings. Next
generation observatories are sensitive to energy density
in stochastic backgrounds and could detect them with
SNR > 3 at a fiducial frequency of fref = 25 Hz if
ΩGWBG ≥ 10−12.

The rest of the paper is organized as follows. In Sec. II
we introduce the list of observatories considered in this
study and their strain sensitivity and networks composed
of those observatories. Sec. III provides the assumptions
we make about the cosmic population of binary sources.
This is followed by a discussion of the Fisher informa-
tion matrix approach followed in this study in Sec. IV.

Detector Latitude Longitude Orientation

CE-A 46◦00′00′′ −125◦00′00′′ 260.0◦

CE-B 29◦00′00′′ −94◦00′00′′ 200.0◦

ET 40◦31′00′′ +9◦25′00′′ 90.0◦

LLO 30◦33′46.4196′′ −90◦46′27.2654′′ 197.7165◦

LHO 46◦27′18.5280′′ −119◦24′27.5657′′ 125.9994◦

LAO 19◦36′47.9017′′ +77◦01′51.0997′′ 117.6157◦

Table II. Position and orientation of the detectors. Latitudes
(Longitudes) are positive in the northern hemisphere (East of
the Greenwich meridian). The orientation is the angle north
of east of the x-arm (Note: here we follow the same conven-
tion used in Bilby [15–17], which is different from what is
used in Refs. [18, 19], where the orientations of the detectors
are clockwise rotations from the local north). For L-shaped
detectors, the x-arm is defined as the one that completes a
right-handed coordinate system together with the other arm
and the local, outward, vertical direction. For ET, the x-arm
is defined such that the two other arms lay westward of it.

This section relies on a number of tables and figures to
illustrate the detection and measurement capabilities of
different detector networks. Finally, in Sec. V we provide
a detailed account of the science questions that are of
broad interest and how A♯ and future XG observatories
can probe those questions.

II. GRAVITATIONAL-WAVE OBSERVATORY
NETWORK CONFIGURATIONS

In this Section, we summarize the list of GW detec-
tors that are expected to be available over the next two
decades. We start with detectors with the best sensitiv-
ities that could be installed in LIGO facilities, followed
by networks that include one or more XG observatories
consisting of CE and/or ET. The collection of network
configurations studied is intended to be sufficiently broad
without being unduly complex: broad enough to gauge
all plausible network configurations but not so complex
as to consider every possible scenario. Indeed, we are
aided by research indicating that the critical feature of
a future gravitational-wave network is the number of
next-generation detectors present for most of the science
metrics, while their locations are of secondary impor-
tance [14]. For the localization metrics, however, the
network area has a large effect on the performance, once
the the network composition is optimized. To this end,
we consider the following observatories:

a. Cosmic Explorer Observatories (CE-A, CE-B)
Since the locations of the CE observatories have yet to
be determined, we selected two fiducial locations for CE;
CE-A off the coast of Washington state, and CE-B off
the coast of Texas. These locations are intentionally un-
physical to avoid impacting our ability to find a potential
home for CE, but close enough to a wide range of poten-
tial sites to be representative from the point of view of
gravitational-wave science (see Table II). The CE-A lo-



6

Number of XG Network Detectors in
Observatories Name the network

None HLA LHO, LLO, LAO

1 XG
HLET LHO, LLO, ET
20LA CE-A 20 km, LLO, LAO
40LA CE-A 40 km, LLO, LAO

2 XG
4020A CE-A 40 km, CE-B 20 km, LAO
40LET CE-A 40 km, LLO, ET
20LET CE-A 20 km, LLO, ET

3 XG 4020ET CE-A 40 km, CE-B 20 km, ET

Table III. We consider four classes of networks containing,
zero to three next-generation (XG) observatories. Each net-
work is given a name to facilitate comparisons. The HLA net-
work sets the stage, representing the baseline from which CE
return on investment can be assessed. 20LA and 40LA repre-
sent a single CE operating in the context of an upgraded 2G
network while HLET is a single ET operating together with
LLO and LHO. 4020A is the CE reference configuration, op-
erating with an upgraded LIGO Aundha, while 20LET and
40LET represent a single CE operating with LLO and ET.
4020ET is the reference CE configuration operating with ET.

cation is considered in both the 40 km and the 20 km
lengths, while the CE-B location hosts only a 20 km ob-
servatory. The strain sensitivity of the two choices is
shown in Fig. 1

b. Existing LIGO Sites (LHO, LLO, LAO) In or-
der to focus on the science enabled by CE beyond what
is possible in the current facilities, we model the LIGO
detectors in an upgraded form (known as “A♯”, [7], and es-
sentially equivalent in sensitivity to “Voyager” [20]) that
approximately represents the limit to what is achievable
in the LIGO facilities. Furthermore, in addition to the
LIGO Hanford (LHO) and LIGO Livingston (LLO) de-
tectors, we also consider LIGO Aundha (LAO) at A♯ sen-
sitivity, as it is expected to be operational starting in the
early 2030s. The currently projected strain sensitivity of
A♯ is shown in Fig. 1.

c. Einstein Telescope (ET) The Einstein Telescope
is a planned next-generation GW observatory in Eu-
rope [9]. It is currently envisioned as an underground
triangular facility with 10 km arm length, housing six
interferometers. The targeted timeline calls for first ob-
servations by the mid-2030s. The underground location,
which is strongly preferred in Europe, suppresses the ex-
pected seismic disturbances, thereby reducing the New-
tonian noise that limits terrestrial gravitational-wave fa-
cilities a low frequencies (c.f. the difference between CE
and ET below 8 Hz is depicted in Fig. 1).

ET’s adoption into the European Strategy Forum on
Research Infrastructure (ESFRI) road map has affirmed
the observatory’s role in the future of gravitational-wave
physics astronomy. Nevertheless, we present network
configurations that do not include ET to inform the value
of US investment in the absence of ET. Our models for
each of these network nodes are described below and

shown in Table III.

III. POPULATION OF COMPACT BINARIES

A. Binary black holes

To analyze the science capabilities of the different de-
tector network configurations, we simulate populations
of various types of compact binary mergers and evaluate
the detection and measurement abilities of the networks
for these populations. There are still large uncertainties
in the properties that characterize these populations due
to the low number of detections at present. Therefore,
the populations we described below are intended to rep-
resent plausible, but not necessarily exact, realizations of
the true populations. This is sufficient for the purposes
of this work as our goal is not to predict the actual de-
tection rates but, instead, to compare the capabilities of
different networks for the chosen populations.

1. Local population

The local population of binary black hole (BBH) merg-
ers is consistent with what has been inferred up to
GWTC-3 [3, 21]. One difference is that we do not con-
sider precession for any of the populations. As precession,
in general, is expected to improve the estimation of pa-
rameters [22], the measurability estimates presented in
this work will be on the conservative side. Specifically,
for the local population we use:

• Primary mass: POWER LAW + PEAK [21] model
with the following values for the model parameters:
α = −3.4, mmin = 5M⊙, mmax = 87M⊙, λ =
0.04, µpeak = 34M⊙, σpeak = 3.6, δm = 4.8M⊙.

• Mass ratio: p(q) ∝ qβ with β = 1.1, and enforcing
mmin = 5M⊙.

• Spin magnitude: Independently and identically
distributed (IID) spins following a beta distribution
(see, e.g., [23]) with αχ = 2, βχ = 5 (see Eq. (10)
in Ref. [23]), but restricted to aligned spins.

• Redshift: Merger rate following the Madau-
Dickinson star formation rate [24, 25],

ψ(z|γ, κ, zp) =
(1 + z)γ

1 + ( 1+z
1+zp

)κ
, (1)

with γ = 2.7, zp = 1.9, and κ = 5.6. We choose a
local merger rate density of 24 Gpc−3 yr−1 [26].

2. Population III black holes

We also consider a population of high-redshift BBHs,
representing BBHs formed from Pop-III stars. As no
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Figure 1. Left: Estimated spectral sensitivity (solid black) of Cosmic Explorer (CE) and the known fundamental sources of
noise that contribute to this total (other curves). Right: Comparison of spectral sensitivities of LIGO A+, LIGO A♯, Einstein
Telescope (a triangular arrangement of six interferometric detectors), and 20 km and 40 km versions of Cosmic Explorer. The
facility limit for Cosmic Explorer is also indicated. (From the Cosmic Explorer Horizon Study [8]).

uncontroversial detection of these objects exists, the un-
certainty on their parameters is substantial. We use:

• Primary mass: A fixed value of 20M⊙.

• Mass ratio: A fixed value of 0.9.

• Spin magnitude: Same as the local BBH popu-
lation.

• Redshift: The merger rate follows the distribution
introduced in Ref. [27] (Eq. C15) with aIII = 0.66,
bIII = 0.3 and zIII = 11.6.

3. Primordial black holes

In addition, we consider a population of even higher
redshift sources that could be representative of primor-
dial black holes. For these too, our knowledge of the
masses and spins of the companion black holes is very
limited. Nonetheless, we use:

• Primary and secondary mass: The lognormal
distribution of Ref. [28] (Eq. 1) centered at Mc =
30M⊙ and with σ = 0.3M⊙.

• Spin magnitude: Zero spins.

• Redshift: Merger rate distribution that increases
as the age of the universe decreases (Ref. [28],
Eq. 5).

While the prescriptions above fix the characteristics for
each formation channel, for Pop III and primordial black
holes we need two more parameters to fix the relative
importance of these channels. We follow Refs. [27] and
[28] and work with NIII = 2400 and Npbh = 600 mergers
per year in the two channels.

4. Intermediate mass binary black holes

We would also like to know how well the next genera-
tion of GW observatories can characterize a population of
intermediate-mass binary black hole (IMBBHs) binaries,
especially with the improved sensitivity at low frequen-
cies. We use:

• Masses: A power-law distribution for the two
masses with α = −2.5. Further, we choose the
smallest and largest masses in the distribution to
be mmin = 100M⊙ and mmax = 1000M⊙, respec-
tively. Masses larger than about 103 M⊙ are not
likely to be observed by next-generation observato-
ries as they could merge well before reaching the
sensitivity of CE or ET.

• Spins: The spins for both the BHs are chosen to
follow a uniform distribution between [−0.9, 0.9].

• Redshift: Same as the local BBH population, but
with a local merger rate density of 1 Gpc−3 yr−1.

B. Binary neutron stars

We simulate a single population of binary neutron stars
(BNSs), whose merger rate peaks at cosmic noon, and
is consistent with the local merger rate as measured by
the LIGO-Virgo-KAGRA (LVK). We choose the follow-
ing parameters:

• Primary and secondary mass: A double Gaus-
sian distribution, p(m) = wN (µL, σL) + (1 −
w)N (µR, σR). We use parameters equal to the
median values of Ref. [29]: µL = 1.35M⊙, σL =
0.08M⊙, µR = 1.8M⊙, σR = 0.3M⊙, and w =
0.64. Each normal distribution is independently
truncated and normalized in the range [1, 2.2] M⊙.
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• Spin magnitude: Uniform in the range [0, 0.1].

• Redshift: Same as local BBHs, but with a local
merger rate density of 320 Gpc−3 yr−1 [26].

• Equation of state: We use APR4 [30] as the equa-
tion of state of the neutron star. Note that the
maximum mass of the NS listed above corresponds
to the maximum mass allowed by the APR4.

While there is some evidence that the population
probed by LVK via GWs differs from the galactic
neutron-star population from which this bimodal mass
distribution is derived, simulating a structured mass dis-
tribution allows us to verify if and how precisely XG ob-
servatories can characterize the population (see Tab. I).

C. Neutron star-black hole mergers

Due to low number of detections, the properties of neu-
tron star-black hole (NSBH) mergers are not well known.
Because of this uncertainty, we will adopt a semi-agnostic
approach to define the population for NSBH mergers.
The specifications are as follows:

• Black Hole Mass: The POWER LAW + PEAK dis-
tribution, same as the primary mass of the local
BBH population.

• Neutron Star Mass: Uniform between [1,2.2]
M⊙.

• Spins: For the BH, the spin is assumed to be
aligned with the orbital angular momentum and
follows a Gaussian distribution with µ = 0 and σ =
0.2. The NS is assumed to be slowly spinning, fol-
lowing a uniform distribution between [−0.1, 0.1].

• Redshift: Same as the local BBH population, but
with a local merger rate density of 45 Gpc−3 yr−1

[21, 31].

For all other GW parameters for all the cases (i.e.,
sky location, orbital orientation, polarization angle, coa-
lescence time and phase) we use uninformative distribu-
tions. We assume all sources are quasi-circular, i.e., we
ignore orbital eccentricity.

IV. DETECTION AND PARAMETER
ESTIMATION

Having introduced different network configurations
and population models, we next wish to address the de-
tectability of these source classes and how precisely the
parameters of these sources can be extracted with differ-
ent detector configurations. Detectability is quantified in
terms of the SNR ρ defined as

ρ2 = 4

∫ fupper

flow

|h̃A|2
SA
n

df, (2)

where h̃A is the waveform of the signal at detector A,
SA
n is the one-sided noise power spectral density (PSD)

of detector A and flow and fupper denote the lower and
upper cut of frequencies of the integration.

Similarly, we use the Fisher information matrix to com-
pute the statistical uncertainties associated with measur-
ing binary parameters. The Fisher matrix Γab is related
to the derivatives of the waveform with respect to the set
of source parameters λ as

Γab = 2

∫ fupper

flow

h̃A,ah̃
⋆
A,b + h̃⋆A,ah̃A,b

SA
n

df, (3)

where ⋆ denotes the operation of complex conjugation
and the comma denotes differentiation with respect to
various elements of the parameter space λ. The inverse
of the Fisher matrix is called covariance matrix Σab and
the square root of the diagonal elements provides the
1σ (68% CL) uncertainty range for the measurement of
different parameters for a given detector A

σa =
√
Σaa. (4)

All measurement uncertainties mentioned here are at
68% credibility except the angular resolution ∆Ω, which
is reported at 90% credibility.

For the computation of errors, we use GWBENCH [32], a
publicly available Python-based software that computes
the Fisher matrix for various waveform families available
in the LIGO Algorithms Library (LAL) [33]. Fisher ma-
trix is then numerically inverted to deduce the statis-
tical errors associated with the measurement of various
parameters in the waveform. GWBENCH can perform pa-
rameter estimation for different combinations of detector
networks, thereby facilitating a detailed assessment of
their performance.

Here, we use the IMRPhenomXHM [34] waveform to
deduce errors in the case of BBHs and NSBHs whereas we
use IMRPhenomPV2_NRtidalv2 [35] for BNSs. The for-
mer is a non-precessing waveform that covers the inspiral-
merger-ringdown phases of a compact binary merger and
has higher-order spherical harmonic modes. On the other
hand, IMRPhenmPV2_NRtidalv2 has only the leading
ℓ = 2,m = 2 mode of the gravitational waveform but
accounts for tidal effects up to 6PN order.

The parameter space spanned by BBH and NSBH sig-
nals is given by

λ = {M, η, χ1z, χ2zDL, ι, α, δ, ψ, tc, ϕc}, (5)

which denote, chirp mass, symmetric mass ratio, projec-
tions of the spins of the primary and secondary along the
orbital angular momentum axis, luminosity distance to
the source, inclination angle, right ascension and declina-
tion, polarization angle, time and phase at coalescence,
respectively (see Sec. IIB of Ref. [36] for details). For
BNS systems, in addition to these parameters, effective
tidal deformability λeff is added as an additional parame-
ter to be estimated. The lower cut-off frequency is taken
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to be 5Hz for all the network configurations. The up-
per cut-off frequency for all cases is the frequency above
which the signal has no power.

Using GWBENCH we next study the detection efficiency
and detection rates of various classes of sources intro-
duced earlier for the different detector configurations. We
then discuss the parameter uncertainties and their impli-
cations for astrophysics and fundamental physics.

A. Detection efficiency and detection rate

The detection efficiency ϵ(z) of an observatory is a
function of the luminosity distance or, equivalently, red-
shift. It is the fraction of all events at a redshift z that
are observed with an expected SNR greater than a preset
threshold SNR. Instead of an SNR threshold, one could
define the efficiency at a fixed false alarm rate but in
the Fisher matrix approach the two are equivalent. We
quote the efficiency at two different SNR thresholds: a
network SNR ρ = 10 and ρ = 100, where the SNR of
a network is root-mean-square SNR obtained for all the
detectors in the network. In addition, we also require
each detector in the network to record a minimum SNR
of 5 to say that it is detected. An SNR of ρ = 10 serves
as the smallest SNR at which a confident detection can
be made while an SNR of ρ = 100 is an SNR at which
exquisite measurement can be made.

The detection efficiency of different detector networks
is reported in Fig. 2 and in Table IV. The left panels of
Fig. 2 show the detection efficiency as a function of red-
shift while the right panels show the detection rate per
year for BNS, NSBH and BBH populations, respectively.
The grey region shows the error bars due to the uncer-
tainties in their current merger rates. Table IV quantifies
the capabilities even better in terms of redshift reach as
well as the number of detections that these configura-
tions can make based on our current understanding of
their rates.

With an SNR of 10, 50% of the BNS merger may be
detected at a redshift of 1.7 with the 4020ET 3 XG net-
work, whereas an HLA network can observe these sources
only up to a redshift of 0.18, almost a factor of 10 smaller.
There is unlikely to be any BNS detection with an SNR
above 100 with HLA whereas it is seen that O(100) such
detections could be made with the 4020ET network.

Similarly, for NSBH mergers, compared to a redshift
reach of 0.18(0.04) at an SNR of 10(100) with HLA, the
4020ET network can see up to a redshift of 4.5(0.3),
which highlights the benefits XG detectors bring in. Also,
given our current rates, it is unlikely that an HLA net-
work would detect any NSBH merger with an SNR above
100 whereas a 4020ET network is likely to detect O(100)
of these. Performance of 1 XG and 2 XG detectors lie
in between these two extremes which may see O(1) and
O(10) such sources per year, respectively.

It is impressive to note that the 4020ET network,
which has a redshift reach of 27 with an SNR threshold

of 10, would detect almost all BBHs within the horizon
of z = 5. On the other hand, the detectability of BBHs
is complete only up to a redshift of 0.01 for the HLA net-
work. The 4020ET network would see around 6000 BBHs
per year which has an SNR of 100 or above. This will
provide us with an unprecedented opportunity to probe
the diverse classes of BBHs and infer their astrophys-
ical properties and formation mechanism, among other
things. Networks with 1 XG and 2 XG networks can also
detect hundreds to a couple of thousands of these golden
BBHs.

B. Measurement uncertainty of source parameters

We are now in a position to study the statistical uncer-
tainties with which different compact binary parameters
will be estimated by various detector networks. Figures
3, 4 and 5 summarize our results for BBH, BNS and
NSBH populations, respectively.

1. Binary Black Holes

Figure 3 shows the number of detections as a function
of SNR, errors in source localization, luminosity distance,
inclination angle, chirp mass and symmetric mass ratio
for the population we synthesized and analysed for dif-
ferent network configurations. Overall, as expected, the
performance of the 3 XG network is the best followed by
2 XG, 1 XG and 0 XG clearly suggesting the crucial role
3G detectors will play in the precision measurement of
source parameters.

It is seen that a 4020ET network would detect O(10)
events with an SNR of 1000. These high-fidelity sources
are going to play an extremely crucial role in astro-
physics, cosmology and fundamental physics as they fa-
cilitate very precise inference of source parameters. The
number of high-fidelity sources in a 1 XG or 0 XG net-
work is considerably less whereas 2 XG numbers would
fare comparably with 3 XG, though the numbers are
slightly less. In parameter inference, the 3 XG network
performs significantly better for the angular resolution
and moderately better for luminosity distance and in-
clination angle measurements compared to the second-
best configuration 40LET thereby underscoring the im-
portance of a 3 XG network.

Regarding individual measurements, it is interesting
to note that a golden subpopulation of O(100) BBHs
would allow the measurement of chirp mass and sym-
metric mass ratio of O(10−5) by a 3 XG network. Sim-
ilarly, the 4020ET network would allow localization of
a subpopulation of BBHs to ≤ 0.01deg2 and luminos-
ity distance error ≤ 1%. These sources could allow pre-
cise measurement of Hubble constant [37]. Likewise, the
precisely localized subpopulation would also be useful in
searching for a potential EM counterpart [38].
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Figure 2. The network efficiency (left panels) and detection rate (right panels) for the eight GW detector networks. For each
network, we plot the efficiency and rate at two threshold SNRs, one at 10 (circles) and the other at 100 (squares). Solid lines
in the left panels are the best-fit sigmoid functions of the efficiency. Black solid lines on the right are the total merger rate
and the gray shaded area is the variation in the rate due to the uncertainty in the local merger rate density determined from
current observations [21, 26]. From top to bottom, the panels correspond to BNS, NSBH and BBH systems.
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Table IV. The redshift reach z at which the detection efficiency of a network is 50% corresponding to binary merger events
for the eight detector networks (column 1) for threshold SNRs of ρ∗ = 10 and ρ∗ = 100 (columns 2 and 3) are listed together
with the number events every year with SNRs greater than 10 (column 4), 30 (column 5), and 100 (column 6). The lower and
upper bounds in these columns are calculated using the uncertainty in the local merger rate density as determined by current
observations.

Network z (ρ∗ = 10) z (ρ∗ = 100) N (ρ > 10) N (ρ > 30) N (ρ > 100)

BNS: Cosmic merger rate is 1.2+2.0
−0.9 × 106 yr−1

HLA 0.18 0.018 1.3+1.9
−1.0 × 103 2.7+6.6

−2.3 × 101 0

HLET 0.66 0.062 8.5+13.0
−6.4 × 104 2.5+3.9

−1.9 × 103 4.8+7.4
−3.7 × 101

20LA 0.61 0.058 7.1+11.0
−5.4 × 104 2.1+3.1

−1.6 × 103 3.9+6.7
−3.3 × 101

40LA 1.1 0.096 2.7+4.1
−2.0 × 105 1.1+1.7

−0.8 × 104 2.2+3.3
−1.8 × 102

20LET 1 0.089 1.9+2.9
−1.4 × 105 5.9+9.0

−4.4 × 103 1.2+1.9
−1.0 × 102

40LET 1.4 0.12 3.9+5.9
−2.9 × 105 1.7+2.6

−1.2 × 104 3.5+5.5
−2.9 × 102

4020A 1.3 0.11 3.6+5.5
−2.7 × 105 1.7+2.6

−1.3 × 104 3.5+5.6
−2.9 × 102

4020ET 1.7 0.13 4.7+7.2
−3.5 × 105 2.3+3.6

−1.8 × 104 4.8+7.7
−3.9 × 102

NSBH: Cosmic merger rate is 1.8+3.8
−1.5 × 105 yr−1

HLA 0.36 0.036 1.5+3.1
−1.2 × 103 3.6+9.2

−3.3 × 101 0.0+1.0
−0.0 × 100

HLET 1.5 0.13 5.9+12.4
−4.8 × 104 3.7+8.2

−3.1 × 103 8.4+17.2
−7.2 × 101

20LA 1.4 0.12 5.3+11.3
−4.4 × 104 3.2+7.1

−2.7 × 103 7.4+14.6
−6.7 × 101

40LA 2.8 0.21 1.0+2.2
−0.9 × 105 1.5+3.3

−1.3 × 104 3.9+8.0
−3.2 × 102

20LET 2.5 0.19 9.8+20.7
−8.1 × 104 8.8+19.1

−7.3 × 103 2.2+4.3
−1.8 × 102

40LET 3.8 0.26 1.3+2.7
−1.1 × 105 2.2+4.7

−1.8 × 104 6.1+12.0
−5.1 × 102

4020A 3.5 0.24 1.2+2.6
−1.0 × 105 2.2+4.6

−1.8 × 104 6.1+12.3
−5.1 × 102

4020ET 4.5 0.28 1.4+3.0
−1.2 × 105 2.9+6.2

−2.4 × 104 8.4+17.1
−7.1 × 102

BBH: Cosmic merger rate is 9.6+5.7
−2.8 × 104 yr−1

HLA 0.92 0.083 1.6+9.3
−0.5 × 104 1.1+6.3

−0.3 × 103 1.7+1.2
−0.5 × 101

HLET 6.3 0.3 7.7+4.5
−2.2 × 104 2.3+1.3

−0.7 × 104 1.6+9.0
−0.5 × 103

20LA 5.6 0.28 7.1+4.1
−2.1 × 104 2.1+1.2

−0.6 × 104 1.3+7.3
−0.4 × 103

40LA 15 0.47 8.5+4.9
−2.5 × 104 4.3+2.5

−1.2 × 104 5.0+3.0
−1.5 × 103

20LET 12 0.43 8.9+5.2
−2.6 × 104 3.8+2.3

−1.1 × 104 3.3+2.0
−1.0 × 103

40LET 22 0.60 9.2+5.4
−2.7 × 104 5.5+3.2

−1.6 × 104 7.3+4.3
−2.2 × 103

4020A 20 0.56 9.1+5.3
−2.7 × 104 5.1+3.0

−1.5 × 104 6.9+4.0
−2.0 × 103

4020ET 27 0.67 9.5+5.5
−2.8 × 104 6.1+3.6

−1.8 × 104 9.2+5.4
−2.7 × 103

2. Binary Neutron Stars

Figure 4 displays the parameter inference in the con-
text of BNS mergers using various network configura-
tions. The trends in terms of various detector networks
remain as in the case of BBHs where 3 XG network per-
forms the best followed by 2 XG, 1 XG and 0 XG net-
works. In terms of sources with SNR higher than 100,
3 XG and 2 XG configurations fare comparably as they
detect a few hundred sources. A 3 XG network may
be able to localize around 100 BNS mergers to about

0.2 deg2 whereas the best-localized 100 sources by a 2
XG network may have an angular resolution which is a
factor of 3 worse at 0.6 deg2. Likewise, 3 XG detectors
will measure luminosity distance of about 100 sources to
less than 2% and the performance of a 2 XG network is
comparable though slightly worse, as expected.

The inference of inclination angle is very important in
this case as it may help in better understanding the struc-
ture of the relativistic jets potentially associated with
these mergers and may be of immense help in the mul-
timessenger modeling of BNS mergers. It is impressive
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to note that both 3 XG and 2 XG detectors will be able
to measure ∆ι ≤ 0.01 deg for about 100 sources. The
mass measurement uncertainties are even more exquisite
as a few tens of sources with 3 XG detectors will permit
measurement of chirp mass to 10−4% and close to 100
sources will be able to measure ∆η ≤ 10−5. These mass
measurements would potentially be the most precise mea-
surements of NS masses. These measurements also carry
a lot of importance for understanding the equation of the
state of the neutron stars as well as in the measurement
of their radii.

3. Neutron star–Black holes

NSBH mergers, like BNS mergers, are of importance
because a subset of them would be multimessenger
sources. In terms of performance hierarchy, the trends
seen in Fig. 5 for NSBHs are similar to that of BBH and
BNSs. The number of events with an SNR of 100 or
above is close to 1000 with 3 XG and 2 XG networks
while it is around 100 with 1 XG networks. High-fidelity
NSBHs with an SNR above 400 are of the order of 10
even with 3 XG and 2 XG networks.

The number of sources that are localized to better than
0.02 deg2 is close to 100 for 3 XG while it is of the or-
der of a few tens for 2 XG and even lesser for 1 XG.
Similar trends are seen for luminosity distance, where
O(100) sources would allow better than 1% measurement
of luminosity distance with 3 XG and comparable, but
slightly less, number of sources with 2 XG. The inclina-
tion angle may be estimated to be better than 0.01 deg
for 100 sources with 3 XG and 2 XG networks. Regard-
ing mass measurements, again, around 100 sources will
permit measurement of chirp mass and symmetric mass
ratio to better than 10−5. These measurements will be
crucial for inferring the NS equation of state as well as un-
derstanding the “low mass gap” black holes with masses
less than 5M⊙ which are not observed in galactic X-ray
binaries.

To summarize, for all the three classes of populations
any combination of networks with at least one 3G detec-
tor performs significantly better than three detectors at
A♯ sensitivity with 4020ET, a network with two CE and
one ET, being the winner in all the metrics considered.

C. 3D localization of sources and early-warning

In addition to the source parameters, one can also infer
the sky location and the luminosity distance associated
with the source from the GW data. Precise localization of
the source is critical for multiple science objectives. As-
suming that the cosmology is known, accurate distance
estimation enables the calculation of source-frame masses
of the binary objects, which are important for unraveling
the mass spectrum and distinguishing between formation
channels (see section VA). Localization of the source

Table V. The field of view (FOV) of some of the existing
and planned (in italics) electromagnetic (EM) telescopes. The
space telescopes are in bold and will operate for a limited
lifetime of the Cosmic Explorer facility.

Telescope FOV (deg2)

Rubin [39, 40] 9.6

EUCLID [41] 0.54

Athena [42] 0.35

Roman [43, 44] 0.28

ngVLA [45] (2.4GHz; FWHM) 0.17

Chandra X-ray [46] 0.15

Lynx [47] 0.13

Swift–XRT [48] 0.12

Keck [49] 0.11

GMT [50] 0.11

ELTa 0.11

Jansky VLA [51] (3 GHz; FWHM) 0.0625

a For a brief description of the Extremely Large Telescope see
https://www.eso.org/sci/publications/messenger/archive/
no.127-mar07/messenger-no127-11-19.pdf

plays a crucial role in enabling multimessenger astron-
omy (MMA) (see section V B) and inference of cosmolog-
ical parameters (see section V D). The localization of the
source from GW observations is communicated to elec-
tromagnetic (EM) telescopes, which allows them to cap-
ture EM transients that may follow the binary merger.
While the field of view (FOV) of EM telescopes is, in gen-
eral, smaller than 10 deg2 (see Table V), they can cover
multiple patches in the sky to observe large sky areas.
Thus, precise localization and timely communication are
necessary to facilitate MMA.

Table VI shows the number of BBH detections every
year for varying precision of sky-localization and luminos-
ity distance measurement. Without any XG detectors, a
network with three A♯ detectors is only able to localize
∼ 1% of all BBH mergers to a smaller area than 100
deg2 in the sky. Having just one XG detector enhances
this fraction to ∼ 50%, whereas a network with three XG
detectors is able to localize ∼ 95% of all BBH mergers
to ∆Ω ≤ 100 deg2. Further, networks with at least two
XG detectors localize O(1000) BBH events every year to
better than 1 deg2, which is an order of magnitude more
events compared to a network containing only one XG
detector. In addition, Fig. 6 also shows that only net-
works with three XG detectors are able to localize events
to ∆Ω ≤ 0.1 deg2. This metric is of particular relevance
to host-galaxy identification, as the number of galaxies
lying within an observation volume scales linearly with
sky area.

The luminosity distance measurement is also aided by
the improved sensitivity of the XG detectors. For a net-

https://www.eso.org/sci/publications/messenger/archive/no.127-mar07/messenger-no127-11-19.pdf
https://www.eso.org/sci/publications/messenger/archive/no.127-mar07/messenger-no127-11-19.pdf
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Figure 3. The scaled cumulative density function plots showing the trends in SNR ρ and sky-localization ∆Ω of the detected
BBH events. It also shows the plots for fractional errors in chirp mass and luminosity distance, i.e., ∆M/M and ∆DL/DL,
and absolute errors in inclination angle, and symmetric mass ratio, i.e., ∆ι and ∆η, respectively.

work with three A♯ detectors, we can expect about 100
BBH mergers every year for which the error in luminos-
ity distance is within 10%. However, luminosity distance
cannot be measured to 1% precision for any of the events.
For networks with two or more XG detectors, not only
will they detect thousands of BBH mergers every year
for which ∆DL/DL ≤ 0.1, but they will also detect tens
of events for which luminosity distance is measured to
sub-percent precision.

For compact binary mergers involving one or more
NS, localization is important to facilitate EM follow-up.
GRBs, if they occur, can be detected up to large dis-
tances. In Tab. VII, we give the number of BNS merg-

ers, and the median and maximum redshifts correspond-
ing to a particular ∆Ω threshold. With networks that
have just one XG detector, BNS events can be localized
to 100 deg2 in the sky up to a redshift of z = 2.2. At a
similar redshift, 4020ET can localize the event to 1 deg2,
and events as far as z = 8.8 can be localized to 100 deg2.
Thus, XG detector networks will be capable of informing
EM telescopes with precise sky localizations even for far-
away events allowing them to follow up, and potentially
observe, GRBs that accompany BNS mergers.

Considering the specifications of the current and
planned EM telescopes, kilonovae are not expected to
be detected beyond z = 0.5 [36, 52]. Thus, for BNS and
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Figure 4. The scaled cumulative density function plots showing the trends in SNR ρ and sky-localization ∆Ω of the detected
BNS events. It also shows the plots for fractional errors in chirp mass and luminosity distance, i.e., ∆M/M and ∆DL/DL,
and absolute errors in inclination angle, and symmetric mass ratio, i.e., ∆ι and ∆η, respectively.

NSBH mergers, we select the sub-population of events
that lie within z = 0.5 and look at the ability of the
different detector networks in terms of 3D localization
as well as early-warning alerts. In particular, Figs. 7
and 8 show the localization of BNS and NSBH events
belonging to the sub-population, respectively. The cor-
responding numbers are presented in Tables VIII and IX.
While a network with three A♯ observatories will detect

1000 BNS and NSBH mergers every year that are lo-
calized to within 100 deg2, a network with at least two
XG observatories will detect almost all BNS and NSBH
mergers within z = 0.5 with this precision. We do not
see a considerable improvement in the number of events
detected with ∆Ω ≤ 100 deg2 when going from networks
with one XG observatory to a network with three XG ob-
servatories. A drastic improvement is only seen when we
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Figure 5. The scaled cumulative density function plots showing the trends in SNR ρ and sky-localization ∆Ω of the detected
NSBH events. It also shows the plots for fractional errors in chirp mass and luminosity distance, i.e., ∆M/M and ∆DL/DL,
and absolute errors in inclination angle, symmetric mass ratio, and spins of the BH and the NS i.e., ∆ι, and ∆η, respectively.

consider smaller localizations, e.g., networks with one XG
observatory detect O(10) events with ∆Ω ≤ 1 deg2, net-
works with two or more XG observatories detect O(100)
such events. A similar trend is seen for luminosity dis-
tance errors, where networks with only one XG observa-
tory detect O(1) events for which luminosity distance is
measured to sub-percent precision, whereas this number
increases to O(10) events for a three-XG network. ET
is particularly good at sky localization due to its better
low-frequency sensitivity compared to others as signals
last longer in its sensitivity band, which in turn causes
amplitude modulation due to the changing antenna pat-
tern in the direction of the source.

Another important step towards increasing the effi-
ciency of the EM follow-up is the timely communication
of the localization of the merger event to EM telescopes.
BNS and NSBH mergers can remain in the sensitive band
of the GW networks long enough such that the telescopes
can be alerted even before the detection. However, the
earlier the alert is sent, the lesser the amount of informa-
tion that was extracted from the GW signal, leading to
worse sky localization compared to if the alert was sent
at the time of merger. This results in the trade-off be-
tween how early an alert is sent, and how well the event
can be localized at that time. In Figs. 9 and 10, we
show the number of events BNS and NSBH events for
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which the alert can be sent 60 s, 120 s, 300 s, and 600 s
before the merger, and the corresponding SNR and ∆Ω.
The corresponding numbers are listed in Tables X and
XI. We see that the prospects of sending early-warning
alerts with the A♯ network are not promising, with only
10 BNS events and no NSBH events for which the alert
can be sent 1 minute before the merger. This improves
drastically for networks with two or more XG detectors,
where the alerts can be sent 60 s prior to the merger for
O(1000) BNS and NSBH detections, for each of which
∆Ω ≤ 100 deg2. In fact, for the same sky localization,
alerts can be sent for O(100) BNS mergers and O(10)
NSBH mergers 10 minutes before the merger.

V. OPEN SCIENCE QUESTIONS UNIQUELY
ADDRESSED BY GRAVITATIONAL-WAVE

OBSERVATIONS

A number of White Papers and design study reports
have documented the scientific potential of current and
future GW observatories. For recent reviews see the fol-
lowing references [53–55]. In this Section, we summarize
the science questions of interest to a diverse community
of physicists and astronomers and could be addressed by
GW observations. In later sections, we will match these
questions to specific networks that can answer them ef-
fectively.

A. Black holes and neutron stars throughout the
cosmos

The improved sensitivities of the next-generation net-
works will not only allow the detection of compact bi-
naries up to larger distances but will also result in the
improved estimation of binary parameters (see Sec. IV).
The precise measurement of binary parameters is essen-
tial to infer the source properties which will inform us
about the formation of such binaries. There is already
some evidence that the observed variety of source proper-
ties is likely the result of multiple astrophysical formation
channels [56–59]. The peak of the mass function, and its
variation with redshift, contains crucial clues about bi-
nary evolution and the final stages of the life of massive
stars [60–66].

1. BBH, BNS and NSBH mergers

From Fig. 2 and Tab. IV, we see that a network with
no XG detectors will only observe ∼ 0.1%, 1% and 15%
of the cosmic BNS, NSBH and BBH population, respec-
tively. This is drastically improved for a network with
2 CE detectors, detecting ∼ 30%, 66% and 95% of all
BNS, NSBH and BBH mergers, respectively. Further,
a network with at least 2 XG detectors will be able to

detect BNS systems up to the peak of the star forma-
tion rate (z ∼ 2), and NSBH mergers well beyond it.
In fact, BBH mergers with such a network can be ob-
served beyond z = 20, i.e., even prior to 200 Myr after
the Big Bang. It is important to note that CE40 really
shines compared to CE20 and ET when it comes to de-
tecting events at large distances. This is evident in Tab.
IV, where the reach and the detection rates for 40LA
are better than not just 20LA and HLET, but even the
20LET network. The improvement in the depth of ob-
servation will provide information about the delay time
distribution between the formation and the merger of the
compact binary [67], and thereby allow the inference of
the history of chemical evolution in the universe beyond
the reach of multi-messenger astronomy [68].

Apart from the detection itself, the source-frame
masses of compact objects can be measured with un-
precedented precision with the help of XG detectors.
From Tab. I, we note that only a network with at least 2
XG detectors can detect BNS mergers beyond z ≥ 1 such
that the uncertainty in the redshift and the source-frame
mass measurements is within 20% and 30%, respectively.
Such measurements are important in order to measure
the mass function associated with this class of binaries
close to the star formation peak. Similarly, astrophysical
channels for the formation and merger of BBH systems
at high redshifts can be studied using GW detections
with precise mass measurements for BBH systems be-
yond z = 10. Table I shows that the number of such
mergers increases from 0 to O(10) to O(100) every year
with a network with no XG, 1 XG and 3 XG detectors,
respectively. In addition, recall that we chose the mass
spectrum of the BNS population to follow a double Gaus-
sian (see Sec. III) in order to see if the second Gaussian
feature (µ = 1.8M⊙, σ = 0.3M⊙) could be inferred with
GW detections. From Tab. I, we conclude that for BNS
systems with m1 ≥ 1.5M⊙, only networks with at least
1 XG detector can detect systems such the source-frame
mass of the primary component is measured to better
than 10% precision.

2. IMBBH, Pop-III BBH and PBH mergers

Constraining the BH mass function above 50 M⊙ will
allow for a better understanding of the pair instability
supernova mass gap (and of the nuclear physics pro-
cesses that lead to it) [69, 70]; the rate of hierarchical
mergers [71, 72]; and IMBH [73, 74]. Massive BBH sys-
tems can also result from high-redshift formation chan-
nels, e.g., PBHs created during the inflationary epoch of
the universe [75–77], and Pop III stars. The mass func-
tions of both PBH and remnants of Pop III stars are
uncertain; but they might be the seeds that formed the
supermassive BHs found at the centers of most galax-
ies [73, 78–81]. Thus, detecting these mergers will allow
us to explore one of the most pressing open questions in
galaxy and structure formation.
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Figure 6. Plot showing the relationship between SNR ρ, sky localization ∆Ω and the redshift z for events belonging to the
Pop-1 population, corresponding to the eight GW detector networks. Each marker is an event detected by the corresponding
detector network in an observation time of 1 year. The color of the marker conveys how well that event can be localized in the
sky using GW observation.

Table VI. The number of BBH detections per year for the six detector networks with 90%-credible sky area less than 10, 1, 0.1
and 0.01 deg2 and fractional error in luminosity distance less than 0.1 and 0.01.

Metric ∆Ω (deg)2 ∆DL/DL

Quality ≤ 100 ≤ 10 ≤ 1 ≤ 0.1 ≤ 0.01 ≤ 0.1 ≤ 0.01

HLA 1.3+7.8
−0.4 × 104 3.1+2.0

−0.9 × 103 1.3+7.2
−0.4 × 102 1.0+4.0

−0.0 × 100 0 8.4+4.5
−2.4 × 102 0

HLET 5.2+3.0
−1.5 × 104 9.9+5.8

−2.9 × 103 4.8+2.7
−1.4 × 102 1.4+1.2

−0.8 × 101 0 2.1+1.2
−0.6 × 104 4.2+2.2

−1.4 × 101

20LA 4.4+2.5
−1.3 × 104 7.3+4.3

−2.1 × 103 3.4+2.0
−1.0 × 102 8.0+5.0

−6.0 × 100 0 5.9+3.3
−1.7 × 103 1.3+5.0

−0.5 × 101

40LA 4.8+2.8
−1.4 × 104 8.1+4.8

−2.4 × 103 3.8+2.3
−1.1 × 102 9.0+6.0

−7.0 × 100 0 9.0+5.2
−2.6 × 103 2.8+1.2

−0.7 × 101

20LET 8.1+4.7
−2.3 × 104 2.9+1.7

−0.8 × 104 2.3+1.4
−0.7 × 103 6.6+4.3

−2.3 × 101 0 3.6+2.1
−1.1 × 104 1.2+7.0

−0.4 × 102

40LET 8.5+5.0
−2.5 × 104 3.7+2.1

−1.1 × 104 3.4+2.1
−1.0 × 103 1.1+6.8

−0.4 × 102 0.0+1.0
−0.0 × 100 4.1+2.4

−1.2 × 104 2.1+1.2
−0.7 × 102

4020A 7.0+4.1
−2.0 × 104 2.1+1.2

−0.6 × 104 1.4+8.9
−0.4 × 103 5.2+3.3

−2.2 × 101 0 3.4+2.0
−1.0 × 104 1.9+1.2

−0.5 × 102

4020ET 9.1+5.3
−2.7 × 104 5.2+3.0

−1.5 × 104 7.6+4.5
−2.2 × 103 3.1+1.8

−0.9 × 102 5.0+5.0
−3.0 × 100 5.9+3.4

−1.7 × 104 5.1+2.8
−1.5 × 102

The major hurdle in detecting IMBBH systems or bi-
naries at large redshifts is the large detector-frame chirp
mass, which leads to low merger frequencies. These merg-
ers lie predominantly in the range where the detectors are
less sensitive. The low-frequency (∼ 10 Hz) sensitivity in-
creases by more than an order of magnitude when going
from A♯ to XG detectors (see Fig. 1), thus, improving
the chances of detecting these events. However, the de-

tection itself is only the first step. For IMBBH mergers,
we are also interested in seeing if GW networks can pre-
cisely measure the source-frame masses so as to unravel
the mass spectrum of these events. On the other hand,
for PBH and Pop III mergers, along with the source-
frame mass, one would also need a precise measurement
of the redshift in order to differentiate these high-redshift
mergers from IMBBH mergers at z ≤ 10.
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Table VII. # of BNS mergers every year, and the median and maximum redshift up to which the events are detected associated
with the particular ∆Ω criteria. These numbers were calculated using the median local merger rates for BNS (320 Gpc3yr−1).

Quantity
0 XG 1 XG 2 XG 3 XG

HLA HLET 20LA 40LA 20LET 40LET 4020A 4020ET

∆Ω ≤ 1 deg2

Number 5 24 17 18 157 247 97 754

Median z 0.056 0.090 0.072 0.082 0.102 0.128 0.108 0.185

Maximum z 0.101 0.156 0.126 0.126 0.230 0.287 0.243 0.503

∆Ω ≤ 10 deg2

Number 317 1216 866 976 6211 9440 4004 27771

Median z 0.152 0.208 0.216 0.199 0.360 0.410 0.327 0.599

Maximum z 0.359 0.535 0.522 0.535 1.08 1.30 1.06 2.12

∆Ω ≤ 100 deg2

Number 1206 28271 25148 34114 148626 235160 113998 362848

Median z 0.209 0.602 0.625 0.677 1.03 1.19 0.976 1.35

Maximum z 0.516 2.12 2.23 2.23 3.68 5.89 3.645 8.80

Table VIII. For the BNS sub-population with events for which z < 0.5, the table lists the number of detections per year for
the six detector networks with 90%-credible sky area ∆Ω < 10, 1, 0.1 and 0.01 deg2 and fractional error in luminosity distance
∆DL/DL < 0.1 and 0.01.

Metric ∆Ω (deg)2 ∆DL/DL

Quality ≤ 100 ≤ 10 ≤ 1 ≤ 0.1 ≤ 0.01 ≤ 0.1 ≤ 0.01

HLA 1.2+1.8
−0.9 × 103 3.2+4.7

−2.5 × 102 5.0+11.0
−5.0 × 100 0 0 2.6+4.2

−2.3 × 101 0

HLET 1.0+1.5
−0.8 × 104 1.2+1.8

−0.9 × 103 2.4+4.7
−2.1 × 101 0.0+3.0

−0.0 × 100 0 2.3+3.4
−1.7 × 103 1.0+2.0

−1.0 × 100

20LA 8.6+13.3
−6.4 × 103 8.6+12.9

−6.8 × 102 1.7+3.3
−1.5 × 101 0 0 2.4+4.2

−1.9 × 102 0

40LA 9.8+15.1
−7.3 × 103 9.7+14.6

−7.6 × 102 1.8+3.8
−1.6 × 101 0 0 3.1+5.4

−2.4 × 102 0.0+2.0
−0.0 × 100

20LET 1.5+2.3
−1.1 × 104 4.9+7.4

−3.7 × 103 1.6+2.4
−1.3 × 102 1.0+6.0

−1.0 × 100 0 4.4+6.9
−3.3 × 103 2.0+6.0

−2.0 × 100

40LET 1.6+2.4
−1.2 × 104 6.3+9.7

−4.8 × 103 2.5+3.8
−2.0 × 102 1.0+9.0

−1.0 × 100 0 4.9+7.7
−3.7 × 103 2.0+9.0

−2.0 × 100

4020A 1.4+2.1
−1.0 × 104 3.4+5.3

−2.6 × 103 9.7+15.7
−7.7 × 101 0.0+4.0

−0.0 × 100 0 4.5+6.9
−3.4 × 103 4.0+11.0

−4.0 × 100

4020ET 1.6+2.5
−1.2 × 104 1.0+1.5

−0.8 × 104 7.5+11.4
−5.8 × 102 1.3+2.9

−1.2 × 101 0.0+2.0
−0.0 × 100 8.5+13.1

−6.4 × 103 1.2+2.2
−1.2 × 101

Figure 11 shows the error in the source-frame mass of
the components of IMBBH mergers as a function of the
injected source-frame mass and redshift. Note that while
the fractional error on the mass measurement can be as
low as ∼ 0.01%, such precision is likely to be achievable
only with networks containing at least 2 XG detectors.
The A♯ network is able to detect ∼ 40% of the mergers,
whereas networks with at least 1 XG detector can detect
more than 90% of these events, with HLET itself being
able to detect ∼ 98%. The stellar performance of ET is
attributed to better sensitivities in the f < 10 Hz region
compared to CE40 and CE20. While the CE detectors
do not seem to help ET significantly in detecting IMBBH
sources, they aid in the precise estimation of component

masses.

Figures 12 and 13 show the errors in source-frame com-
ponents masses and the redshift for PBH systems beyond
z = 25 and Pop III BBH systems, respectively. It is im-
probable that a network with no XG detectors will be
able to detect any such mergers. In the case of PBH,
we see that 40 (45) mergers will be detected every year
with 40LET (4020ET) such that the redshift measure-
ment excludes z = 15 (z = 20) at the 1σ level. Even
one such detection will be the smoking gun evidence in
favor of the existence of PBHs. For the Pop III case, we
note that CE40 outperforms CE20 and ET. The 40LA
network is itself able to detect the furthest simulated
merger detected by 4020ET, which occurs around z = 25.
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Figure 7. The figure shows the relationship between the fractional error in the luminosity distance ∆DL/DL, 90%-credible
sky area ∆Ω and the SNR (denoted by the color bar) for BNS events up to z = 0.5. Each of these events, detected in an
observation span of 1 year, appears as a spot placed according to the associated measurement errors in luminosity distance
and sky position. The color of the dots represents the SNR with which that particular event was detected in a GW detector
network. The vertical dotted lines correspond to the FOV of the EM telescopes listed in Table V.

However, the merit of having more than 1 XG detector
in the network becomes apparent when we consider the
measurement accuracy of source-frame masses and red-
shift. Beyond z = 10, 40LA detects just 1 event with
∆m/m ≤ 10%, whereas 4020A and 4020ET detect O(10)
and O(100) such events, respectively. In fact, beyond this
redshift, 40LA detects O(10) mergers with ∆z/z ≤ 10%,
whereas 4020A and 4020ET detect 8 and 40 times as
many mergers, respectively.

The era of the XG GW observatories will observe the
cosmic population of compact binary mergers like BBH,
BNS and NSBH, only a glimpse of which is already seen
by current networks. In addition, only networks with XG
observatories will be capable of unraveling elusive com-
pact binary populations, like those corresponding to Pop
III and primordial BHs, which will greatly improve our

understanding of various astrophysical processes involved
in star, galaxy and structure formation, and the universe
as a whole.

B. Multimessenger astrophysics and dynamics of
dense matter

NSs are among the most exotic objects in the stellar
graveyard. They are characterized by a unique relation-
ship between the associated pressure and the energy den-
sity, called the equation of state (EoS). With the EoS, one
can link the mass with the radius of the NS by solving
the Tolman-Oppenheimer-Volkoff equation. NSs in bi-
nary configurations with a companion NS or BH can get
tidally disrupted by the gravity of their companion close
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Figure 8. The figure shows the relationship between the fractional error in luminosity distance ∆DL/DL, 90%-credible sky
area ∆Ω and the SNR (denoted by the color bar) of NSBH events for which z < 0.5. Each of these events, detected in an
observation span of 1 year, appears as a spot placed according to the associated measurement errors in luminosity distance
and sky position. The color of the dots represents the SNR with which that particular event was detected in a GW detector
network. The vertical dotted lines correspond to the FOV of multiple EM telescopes listed in Table V

Table IX. For the NSBH sub-population with events for which z < 0.5, the table lists the number of detections per year for
the six detector networks with 90%-credible sky area ∆Ω < 10, 1, 0.1 and 0.01 deg2 and fractional error in luminosity distance
∆DL/DL < 0.1 and 0.01.

Metric ∆Ω (deg)2 ∆DL/DL

Quality ≤ 100 ≤ 10 ≤ 1 ≤ 0.1 ≤ 0.01 ≤ 0.1 ≤ 0.01

HLA 9.4+19.7
−8.1 × 102 2.2+5.3

−1.9 × 102 4.0+13.0
−4.0 × 100 0 0 1.4+3.6

−1.3 × 102 0

HLET 2.0+4.3
−1.7 × 103 6.9+15.0

−6.0 × 102 1.6+6.8
−1.6 × 101 0.0+1.0

−0.0 × 100 0 1.5+3.2
−1.3 × 103 1.0+17.0

−1.0 × 100

20LA 1.9+4.1
−1.6 × 103 5.3+11.0

−4.5 × 102 1.5+4.4
−1.5 × 101 0 0 7.4+16.0

−6.3 × 102 0.0+6.0
−0.0 × 100

40LA 2.0+4.2
−1.6 × 103 5.8+12.3

−5.0 × 102 1.8+5.5
−1.8 × 101 0 0 9.7+20.7

−8.2 × 102 3.0+31.0
−3.0 × 100

20LET 2.3+4.9
−1.9 × 103 1.6+3.4

−1.3 × 103 1.4+3.4
−1.2 × 102 4.0+7.0

−4.0 × 100 0 2.1+4.5
−1.7 × 103 1.4+6.1

−1.3 × 101

40LET 2.3+4.9
−1.9 × 103 1.8+3.8

−1.5 × 103 2.3+5.4
−2.0 × 102 4.0+10.0

−4.0 × 100 0 2.1+4.6
−1.8 × 103 3.5+11.4

−2.8 × 101

4020A 2.2+4.8
−1.8 × 103 1.3+2.6

−1.1 × 103 1.0+2.2
−0.9 × 102 2.0+4.0

−2.0 × 100 0 1.8+4.0
−1.6 × 103 2.3+9.1

−2.0 × 101

4020ET 2.3+4.9
−1.9 × 103 2.1+4.5

−1.7 × 103 5.0+10.9
−4.2 × 102 9.0+46.0

−9.0 × 100 0 2.3+4.9
−1.9 × 103 6.2+19.8

−5.4 × 101
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Table X. The number of BNS detections per year for the GW detector networks for which an EW alert can be sent 60 s, 120
s, 300 s and 600 s before the merger, with 90%-credible sky area measured to be better than 100, 10, 1 deg2 at the time when
the alert is sent.

EW Time τEW = 60 s τEW = 120 s

∆Ω(deg2) ≤ 100 ≤ 10 ≤ 1 ≤ 100 ≤ 10 ≤ 1

HLA 0.0+1.0
−0.0 × 100 0 0 0 0 0

HLET 1.3+2.4
−1.1 × 102 1.0+10.0

−1.0 × 100 0 8.3+15.7
−6.9 × 101 1.0+5.0

−1.0 × 100 0

20LA 5.0+10.0
−4.0 × 100 0 0 2.0+1.0

−1.0 × 100 0 0

40LA 7.0+19.0
−6.0 × 100 0 0 3.0+6.0

−2.0 × 100 0 0

20LET 2.0+3.2
−1.6 × 103 4.9+9.7

−4.0 × 101 1.0+3.0
−1.0 × 100 1.2+1.8

−0.9 × 103 3.0+5.5
−2.4 × 101 0.0+2.0

−0.0 × 100

40LET 3.4+5.2
−2.6 × 103 1.2+1.9

−0.9 × 102 2.0+4.0
−2.0 × 100 2.3+3.5

−1.7 × 103 7.4+12.0
−6.3 × 101 1.0+2.0

−1.0 × 100

4020A 3.7+6.2
−2.8 × 102 1.5+2.3

−1.2 × 101 0 2.2+3.1
−1.7 × 102 1.1+1.0

−0.9 × 101 0

4020ET 6.3+9.4
−4.7 × 103 2.7+4.5

−2.1 × 102 5.0+12.0
−4.0 × 100 4.4+6.6

−3.3 × 103 1.5+2.6
−1.2 × 102 1.0+4.0

−1.0 × 100

EW Time τEW = 300 s τEW = 600 s

∆Ω(deg2) ≤ 100 ≤ 10 ≤ 1 ≤ 100 ≤ 10 ≤ 1

HLA 0 0 0 0 0 0

HLET 4.2+7.9
−3.5 × 101 0.0+2.0

−0.0 × 100 0 2.4+4.3
−1.9 × 101 0.0+1.0

−0.0 × 100 0

20LA 0 0 0 0 0 0

40LA 0 0 0 0 0 0

CE20LET 4.7+7.6
−3.6 × 102 7.0+26.0

−6.0 × 100 0 2.0+3.2
−1.6 × 102 4.0+11.0

−4.0 × 100 0

40LET 1.0+15.9
−0.8 × 103 2.2+53.0

−1.7 × 101 0.0+1.0
−0.0 × 100 4.1+6.7

−3.2 × 102 6.0+22.0
−5.0 × 100 0

4020A 6.2+8.5
−5.2 × 101 2.0+0.0

−2.0 × 100 0 1.9+2.0
−1.6 × 101 0 0

4020ET 1.8+28.6
−1.4 × 103 5.2+9.3

−4.3 × 101 0.0+2.0
−0.0 × 100 6.8+11.2

−5.3 × 102 1.5+3.7
−1.2 × 101 0.0+1.0

−0.0 × 100

to the merger. The effect of the disruption on the phase
of the GW waveform near merger can be described, to
leading order, using the tidal deformability (Λ) of the
NS. Λ can be uniquely determined with the knowledge of
the EoS and the mass of the NS. Inversely, the measure-
ment of Λ and the mass of the NS from GW observations
can be used to obtain constraints on the EoS that governs
NS.

The disruption of merging NSs in binaries can result
in the production of non-relativistic to mildly-relativistic
neutron-rich debris, and relativistic jets. These ejecta
can power a variety of EM counterparts, including UV-
optical-IR kilonovae, late-time radio flares from fast kilo-
nova tails, gamma-ray bursts (GRBs), and their radio-to-
X-ray afterglows (e.g., Refs. [82–90]). As demonstrated
spectacularly by the case of GW170817 [91–93], multi-
messenger observations can paint a very detailed picture
of BNS progenitors and ejecta [91–108].

In the WP, we have shown how XG GW detectors
will enable major breakthroughs in multi-messenger as-
trophysics and in our understanding of the dynamics of
dense matter. In the remainder of this Section we sum-
marize our previous findings, highlighting the specific re-
sults of the trade study presented here that support the
conclusions drawn in the WP.

1. Multimessenger observations and early warnings

Gamma-ray observations of GW170817 have confirmed
that at least some short GRBs are associated with BNS
mergers [93, 97, 98]. These observations have also en-
abled measurement of the time delay between the merger
(as determined by the GW signal) and the onset of the
GRB emission (as determined by the gamma-ray light
curve) [93, 97]. As discussed in [109] (and references
therein), this delay encodes key physics of the GRB cen-
tral engine and the ejecta, besides enabling fundamental
physics tests [93].

As evident from the results reported in Table VII, XG
detectors will probe GWs from BNS mergers up to the
peak of star formation (z ≈ 2), hence mapping GRBs
(and their electromagnetic afterglows) to their progeni-
tors, and measuring the GW-GRB time delays in a sys-
tematic fashion [93, 97, 98]. We stress that systematically
mapping GRBs to their progenitors up to the star forma-
tion peak is beyond the reach of 4-km-long GW detectors,
and will offer new insight into what physical properties
allow for the launch of successful relativistic jets in short
GRBs.

XG detectors will also provide exquisite sky local-
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Figure 9. The scaled CDF plots for BNS events belonging to the multimessenger sub-population for which early-warning alerts
can be sent 1 minute, 2 minutes, 5 minutes, and 10 minutes before their respective mergers.

izations (≲ 1deg2) for BNS mergers in the local uni-
verse (Table VII), hence building a golden sample of
GW170817-like events. This golden sample will be criti-
cal to explore the diversity of merger outcomes, and map
the properties of progenitors and merger remnants to
those of their EM counterparts. While 4 km GW detec-
tors can build a sample of GW-kilonova associations in

the local universe taking advantage of wide field-of-view
optical telescopes such as Rubin and the Zwicky Tran-
sient Facility [44, 110, 111], on theoretical grounds we
expect a zoo of EM counterparts to exist, ranging from
optically bright and blue kilonovae associated with mag-
netar remnants and (perhaps) choked jets, to red and dim
kilonovae associated with successful jet afterglows (e.g.,
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Figure 10. The scaled CDF plots for NSBH events belonging to the multimessenger sub-population for which early-warning
alerts can be sent 1 minute, 2 minutes, 5 minutes, and 10 minutes before their respective mergers.

[101, 112, 113]). The last, when viewed off-axis, could be
more easily unveiled at radio wavelengths [99, 114]. The
The operation of XG observatories will sync with the era
of EM telescopes such as the Extremely Large Telescope
(ELT) and Giant Magellan Telescope (GMT) that can
probe cosmic distances. Hence, having a few BNS merg-
ers per year with GW sky localizations accessible to the

smaller fields of view of the most sensitive EM telescopes
[45, 51] (Table V) will probe the diversity of BNS mergers
in an optically unbiased way.

Finally, XG detectors will also enable early warnings,
thanks to their ability to localize BNSs even before the
merger (Table X). This is key to potentially opening new
discovery space in multi-messenger astrophysics. In fact,
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Table XI. The number of NSBH detections per year for the GW detector networks for which an EW alert can be sent 60 s, 120
s, 300 s and 600 s before the merger, with 90%-credible sky area measured to be better than 100, 10, 1 deg2 at the time when
the alert is sent.

EW Time τEW = 60 s τEW = 120 s

∆Ω(deg2) ≤ 100 ≤ 10 ≤ 1 ≤ 100 ≤ 10 ≤ 1

HLA 0 0 0 0 0 0

HLET 1.6+3.2
−1.4 × 102 6.0+22.0

−5.0 × 100 0 9.2+20.5
−8.2 × 101 3.0+10.0

−3.0 × 100 0

20LA 0.0+1.0
−0.0 × 100 0 0 0 0 0

40LA 0.0+1.0
−0.0 × 100 0 0 0 0 0

20LET 7.7+16.5
−6.6 × 102 3.5+10.8

−3.4 × 101 0.0+1.0
−0.0 × 100 3.9+8.7

−3.4 × 102 1.3+4.3
−1.2 × 101 0.0+1.0

−0.0 × 100

40LET 1.2+2.5
−1.0 × 103 8.1+20.9

−7.2 × 101 2.0+4.0
−2.0 × 100 7.2+15.4

−6.2 × 102 3.3+10.6
−3.0 × 101 0.0+1.0

−0.0 × 100

4020A 1.3+3.1
−1.2 × 102 9.0+14.0

−7.0 × 100 0 3.9+10.6
−3.2 × 101 0.0+3.0

−0.0 × 100 0

4020ET 1.5+3.3
−1.2 × 103 1.3+3.1

−1.1 × 102 2.0+7.0
−2.0 × 100 9.3+19.8

−7.9 × 102 4.8+14.1
−4.5 × 101 0.0+1.0

−0.0 × 100

EW Time τEW = 300 s τEW = 600 s

∆Ω(deg2) ≤ 100 ≤ 10 ≤ 1 ≤ 100 ≤ 10 ≤ 1

HLA 0 0 0 0 0 0

HLET 1.9+68.0
−1.7 × 101 1.0+2.0

−1.0 × 100 0 2.0+10.0
−2.0 × 100 0.0+2.0

−0.0 × 100 0

20LA 0 0 0 0 0 0

40LA 0 0 0 0 0 0

20LET 7.6+19.6
−6.8 × 101 2.0+7.0

−2.0 × 100 0 7.0+29.0
−7.0 × 100 0.0+2.0

−0.0 × 100 0

40LET 1.6+34.7
−1.4 × 102 4.0+11.0

−4.0 × 100 0 1.1+5.2
−1.1 × 101 0.0+2.0

−0.0 × 100 0

4020A 2.0+8.0
−2.0 × 100 0 0 0.0+1.0

−0.0 × 100 0 0

4020ET 2.0+44.5
−1.8 × 102 5.0+22.0

−5.0 × 100 0 1.7+6.1
−1.7 × 101 0.0+3.0

−0.0 × 100 0

several GRBs are preceded by so-called gamma-ray pre-
cursors whose origin remains unclear [115]. Moreover,
several theoretical models predict prompt EM emission
associated with various mechanisms including NS mag-
netic field interactions during the inspiral or the collapse
of a short-lived NS remnant into a BH (e.g., [116–118] and
references therein). These scenarios motivate precise sky
localization and early-warning alerts to telescopes before
the merger [119].

2. Measuring the radius of the neutron star

As shown in the WP, XG detectors will revolution-
ize our knowledge of high-density matter by detecting
hundreds of BNS mergers per year with SNR> 100. For
these, measurements of NS tides will constrain their radii
to better than 100 m, i.e., about one part in a hun-
dred. This will enable population-wide constraints (for
the common NS EoS) at the 10m-level.

Constraining NS radii is of significant importance be-
cause it provides crucial insights into the properties of
the NS and the nature of matter inside it. Universal re-
lations are empirical relationships between various physi-
cal properties of NSs, which are instrumental in obtaining

the NS radii from GW data [120]. GWs contain informa-
tion on tidal parameters like Λ̃, which can be used along
with two universal relations to constrain the radius. We
describe the procedure for this below.

We use the GWBENCH formalism to calculate the co-
variance matrix of parameters corresponding to BNS
events. We use the covariance matrices to generate
multi-dimensional Gaussian distribution of the param-
eters mentioned in Sec. III B. The universal relation be-
tween symmetric and asymmetric combinations of com-
ponent tidal deformability, described in Refs. [121, 122],
is then used to calculate individual tidal deformabilities
Λ1 and Λ2 from the samples of the combined tidal de-
formability Λ̃ and the mass ratio q. The universal relation
between compactness and tidal deformability defined in
Ref. [122] is used to infer the NS radii from the compo-
nent tidal deformabilities. EoS-specific corrections have
been applied to the tidal deformability and radii distri-
butions which are described in Ref. [123].

We combine the events with similar masses to get an
effective radius error as a function of mass. For this,
we make 20 mass bins from 1M⊙ to the maximum mass
allowed by the EoS used in our study. We use the

√
N

relationship for combining errors in radii in each mass
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Figure 11. The plot shows the fractional error in the measurement of source-frame component masses for IMBBH mergers as a
function of the source-frame mass and the redshift, along with the number of such systems detected by each detector network
in the span of 1 year.

bin separately [124] and report the cumulative number
of events with respect to the radius errors in Fig. 14.

The present analysis provides preliminary evidence
that NS radii can be measured below 1% by using at
least one XG detector in combination with the planned
upgrades of LIGO-Virgo detectors. CE design with ei-
ther a 40 km or 20 km arm will observe up to 10% of the
BNS events where a radius error is better than 100 m
and a few events with errors of even a few tens of meters.
With thousands of BNS observations, we are optimistic
that a combined error measurement will improve by at
least an order of magnitude and aid our understanding
of nuclear physics.

3. Post-merger NS Physics

XG detectors will unveil post-merger GWs (with net-
work SNR > 5) and, via those detections, provide accu-
rate measurements of the post-merger GW frequencies.

These measurements will impact our understanding of
the composition and behavior of matter at its most ex-
treme.

To examine the potential of different network con-
figurations to detect the post-merger signal of BNS
mergers, we choose a representative signal from the
CoRe database; the signal corresponds to a 1.35-1.35M⊙
merger with an SLy EoS [125]. For each network config-
uration in this trade study, we simulate a population of
neutron star mergers and calculate the sky and orienta-
tion averaged detection range at a threshold of SNR= 5.
The sky-location and frequency-dependent sensitivity of
long-arm detectors [126] are taken into account. For this
calculation, we also use the kilohertz-focused configura-
tion [8] of the CE20 observatory which optimizes the
post-merger sensitivity. The results are shown in Figs.
2 and 4 of the WP.
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Figure 12. The plot shows the number of primordial black holes lying further than z = 25 that are detected by each detector
network, along with the measurement errors in the inference of the source-frame masses and the redshift for each event. The
numbers correspond to an observation span of 1 year.

C. New sources, new probes and extreme
astrophysics

NSs and BHs can emit GWs through a wide vari-
ety of mechanisms other than binary mergers and post-
mergers [127, 128]. Although not yet detected, these
other signals (with durations from a fraction of a second
to longer than a human lifetime) have great discovery po-
tential. When detected, especially in combination with
signals carried by other messengers, these GW signals
will reveal different populations of compact objects and
probe extreme astrophysics in a regime largely different
from that probed by compact binary mergers and terres-
trial colliders. Here we summarize scenarios for detection
of and extraction of information from several predicted
types of signals. We also note that the history of open-
ing new windows of astronomy indicates that unexpected
signals are to be expected.

1. Continuous waves

Spinning neutron stars produce continuous GWs, sig-
nals with low amplitude compared to binary mergers but
lasting many years [129, 130]. This allows for greatly
enhanced detectability with matched filtering and simi-
lar techniques. Continuous GW emission likely is domi-
nated by either a mass quadrupole (sustained by elastic
or magnetic stresses) or a mass current quadrupole (pro-
duced by an unstable or weakly stabilized r-mode, a ro-
tational mode with a frequency comparable to the star’s
spin frequency). Free precession can also produce GWs
via a changing mass quadrupole, but based on electro-
magnetic pulsar observations it is likely to be rare. For
a given quadrupole, GW emission is stronger for rapidly
rotating NSs [131], and the r-mode instability to GW
emission [132] is more likely to overcome various dissipa-
tion mechanisms at higher frequencies [133]. Continuous
GW searches are more sensitive when using the sky loca-
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Figure 13. The plot shows the number of Pop-III binary black holes that are detected by each detector network, along with
the measurement errors in the inference of redshift as a function of the fractional error in source-frame masses and the redshift
corresponding to each event. The numbers correspond to an observation span of 1 year.

tion, spin frequency, and other timing information of the
source (if known). Sensitivities can be expressed in terms
of a sensitivity depth [130, 134], which factors out the
noise amplitude from everything else (methods, amount
of data, etc.) and is convenient for extrapolating current
searches to new detectors as we do here.

Accreting NSs are of particular interest as continuous
wave sources since accretion tends to spin them up and
to generate asymmetries through electron capture layers
and lateral temperature gradients [135, 136], magnetic
bottling of accreted material [137], or the GW-driven r-
mode instability [138]. In fact, one popular theory posits
that the spins of accreting neutron stars are limited to
relatively low values (compared to the maximum allowed
for most equations of state) by the spin-down torque due
to GW emission balancing the spin-up torque due to ac-
cretion [139]. In this case the gravitational-wave strain of
an accreting neutron star is expected to be proportional
to the square-root of the observed x-ray flux [140], mean-

ing that the brightest GW emitters are Sco X-1 and other
low mass x-ray binaries with no observed pulsations and
thus no confirmed spin frequency [141]. These sources
exhibit stochastic x-ray variability, meaning that the ac-
cretion torque and spin frequency also fluctuate. Despite
these obstacles, a recent GW search [142] achieved a sen-
sitivity comparable to the strain implied by torque bal-
ance, even under pessimistic assumptions, albeit only in
a narrow frequency band. Extrapolations from this sen-
sitivity are made in Ref. [143], which we summarize here.
Using the sensitivity depth of Ref. [142] (a conservative
39 Hz−1/2) with the network noise curves from Table III
and average bolometric fluxes estimated in Ref. [141],
Ref. [143] finds that the HLA network can detect GWs
at the torque balance limit of Sco X-1 at GW frequencies
up to about 800 Hz. This corresponds to spin frequen-
cies up to about 400Hz for mass quadrupole emission or
about 550Hz for r-modes. Since accreting neutron stars
are known to spin above 700Hz in some cases, HLA is
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Figure 14. The cumulative number of events as a function of
combined radius error of the BNS population for all detector
networks. We consider events with SNR greater than 50 for
all detectors except for HLA for which we choose the events
with SNR above 25.

not guaranteed detection even of Sco X-1. With the 40LA
configuration network, CE is sensitive enough to detect
at the torque balance limit up to 1400 Hz, high enough to
cover almost all known neutron stars. The 4020ET con-
figuration is sensitive up to almost 2 kHz, well beyond the
GW frequency of any known neutron star. 4020ET is also
sensitive to GX 5−1 and several other neutron stars up to
GW frequencies of almost 1 kHz. At this point even non-
detection is very interesting since it strongly confronts
the torque balance theory.

After accretion ends, the neutron star is believed to be-
come a millisecond pulsar with high spin frequency and
slow spin-down [144]. The latter indicates a small exter-
nal magnetic dipole and small internal mass quadrupole
by ruling out large torques due to EM radiation and GWs
respectively, and is usually believed to be dominated by
magnetic dipole radiation. However, in recent years it
has become apparent that millisecond pulsar spin-downs
exhibit a cutoff whose frequency dependence is quadrupo-
lar rather than dipolar [145]. The implied minimum
quadrupole is about 10−9 times the moment of inertia,
consistent with buried magnetic fields of order 1011 G,
consistent with the fields of young pulsars and with the-
oretical predictions [137]. The buried magnetic field may
survive for a long time under the accreted material [146].
Millisecond pulsars which are observed regularly in radio
or EM waves can be timed precisely enough to allow nar-
row, deep GW searches. Based on previous examples, the
sensitivity depth of such a search can be conservatively
estimated as 500 Hz−1/2 for a year of observation [130]
and scales as the square root of the observation time.
Then assuming an ellipticity of 10−9 [145] and taking
data from the ATNF pulsar catalog [147], the GW am-
plitude is simple to determine and compare to the search
sensitivities of various networks. In Table I of this paper
we quote numbers from Ref. [143] of millisecond pulsars

detectable with various networks with one year of obser-
vation and for years of observation to detect 25 millisec-
ond pulsars. The WP plots these numbers in its Fig. 2
and Fig. 4. These numbers only include currently known
pulsars. By the time Cosmic Explorer is operational the
Square Kilometre Array, next generation Very Large Ar-
ray, and other instruments are expected to detect sev-
eral new pulsars for each one currently known [148, 149].
Thus the number of detectable pulsars should improve ac-
cordingly. Conversely, non-detection would severely con-
strain the theory that millisecond pulsars’ original mag-
netic fields survive buried under accreted material.

All sky broadband continuous GW surveys for yet
unknown neutron stars are another popular type of
search [129, 130]. In this case, recent population sim-
ulations [150] for the ET indicate that it might detect
more than 100 sources on its own in an all sky sur-
vey. With its better sensitivity, a 40 km CE will detect
even more than ET. Any new continuous GW source de-
tected by such surveys will be followed up with a year
or more of observation, resulting in arcsecond sky local-
ization (the diffraction limit for two astronomical units’
aperture) even with one interferometer, and a frequency
measurement to a precision of tens of nHz [151]. With
such precise guidance, the source is likely to be detected
by electromagnetic pulsar searches.

The combination of continuous GWs and EM obser-
vations will open new windows into neutron star interi-
ors and for a population distinct from the progenitors
of binary mergers [152]. The ratio of GW frequency to
spin frequency immediately yields insight into the GW
emission mechanism (mass quadrupole, free procession,
or r-mode). In the case of a mass quadrupole it might
reveal the timescale of any coupling between crust and
core leading to glitches (see below), and in the case of
r-modes it can yield a measure of the neutron star’s com-
pactness to a few percent [153] and thus on the EoS in
a low-temperature regime inaccessible to colliders. In
some cases gravitational-wave parallax arising from a
2× 1AU baseline over a period of six months can yield a
distance measurement [154], and in others, the distance
can be obtained from electromagnetic astronomy. With
the distance the magnitude of the quadrupole can be
measured, and long-term timing may indicate whether
a mass quadrupole is sustained by elastic or magnetic
forces [155]. A large elastic quadrupole is only possible
if the “neutron” star has an exotic composition [156], a
magnetic quadrupole measurement yields an approxima-
tion of the star’s internal magnetic field, and an r-mode
saturation amplitude is tied to viscosity and other micro-
physics of the stellar interior [157].

2. Core collapse supernovae

Core-collapse supernovae generate short bursts of GWs
from rapid motions of high density matter in their cen-
tral regions [128]. Unlike binary mergers, these motions
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cannot be predicted with sufficient precision for the use
of matched filtering to detect the signals; but other tech-
niques exist for detecting less modeled bursts. Simula-
tions indicate that the most common events (with little
rotation) will be detectable only in the Milky Way even
with CE, with uncommon events detectable in the Mag-
ellanic Clouds and very rare events perhaps detectable
further away [158]. Therefore the overall detection rate
is expected to be of order one over the planned fifty-year
lifetime of the CE facilities. Even one detected supernova
would be a tremendous opportunity for multi-messenger
astronomy, as Supernova 1987A was before GW astron-
omy existed. On the GW side, CE’s improved sensitiv-
ity over the current generation of detectors would lead
to improved waveform reconstruction [159]. This would
provide a unique window into the explosion’s central en-
gine [128], revealing for example the EoS of a newly
formed protoneutron star via frequency measurements of
f -mode and g-mode oscillations driven by fallback accre-
tion [160] or diagnosing the formation of a rapidly rotat-
ing BH [161]. It would also allow measurement of the pro-
genitor core’s angular momentum distribution in cases of
rapid rotation [162]. Neutrinos should be detected co-
incident with the GW emission and improve detection
confidence and parameter estimation [128], for example
revealing the spin of the core through their modulation
frequency [163]. In some extreme cases (collapsars), even
disk outflow instabilities or the cocoon of material carved
out by a jet of escaping material could emit a stochastic
burst of GWs [164, 165]. Such events could be detectable
at great distances corresponding to a rate of order ten
per year [165].

3. Starquakes

GWs can also be emitted in bursts from less than a
second to minutes in duration by the many quasinor-
mal modes of NSs triggered by impulsive events (star-
quakes) observed electromagnetically as pulsar glitches
or magnetar flares (possibly accompanied by fast radio
bursts) [127]. Both pulsars and magnetars are relatively
young, drawn from a different population than the pro-
genitors of most binary mergers. Quasinormal modes
include the f -modes, which radiate almost all their exci-
tation energy as GWs within of order one second. Pulsar
glitches may also be followed by signals of up to weeks in
duration as the crust and core slowly readjust [166]. Even
aided by the sky location and EM trigger time, current
GW observatories can detect such events in much of our
galaxy only in the most optimistic scenarios [167, 168].
Extrapolating from recent searches [168] indicates that
CE can detect short GW bursts with energy comparable
to the EM energy of moderate magnetar flares or large
pulsar glitches over a substantial fraction of our galaxy.
The frequencies and damping times of modes contain in-
formation on the cold neutron star EoS [169]. Combined
with x-ray observations, they can constrain the internal

magnetic fields of NSs [170]. Detection of a long post-
glitch signal would provide information on the viscous
coupling between crust and core [171]. For the short
bursts especially, it is important to have multiple XG
observatories to improve detection confidence.

D. Fundamental physics and precision
measurement of the Hubble constant

The improved sensitivity of the CE detectors in com-
parison to the current generation of GW detector net-
works results not only in more detections up to larger
distances but also in a large number of signals with high
SNRs, which are of immense importance for testing fun-
damental physics, general relativity and precise measure-
ments of cosmological parameters.

1. Testing general relativity and fundamental physics

The most general approach to testing general rela-
tivity involves the introduction of deviation parameters
in the amplitude and phase of the GW binary inspiral
waveform and constraining these parameters using ob-
servations [172]. These deviation parameters are usually
theory-agnostic but they can be mapped to specific theo-
ries if needed [173]. To a good approximation, constraints
on these deviation parameters scale inversely with SNR
ρ. When multiple GW observations are combined, the
constraints on the deviation parameters also improve,

σ ∝ 1

ρ
−→

N∑
i=1

1

σ2
∝

N∑
i=1

ρ2 (6)

where N is the number of GW events and σ is the stan-
dard deviation for a fiducial deviation parameter. The
bounds on the deviation parameter will be affected by
both, the number of signals detected by the network as
well as the SNR with which these signals are detected.
In Tab. I, we report the effective SNR (

∑
ρ2 ) corre-

sponding to BBH systems for different detector networks.
Just going from the A♯ network to one containing a CE
detector improves the effective SNR by ∼ 4 − 7 times,
improving the constraints by ∼ 2 − 3 times. Having at
least two XG detectors in the network increases the ef-
fective SNR by two orders of magnitude compared to the
A♯ network, leading to ∼ 10 times improvement in the
bounds on deviation parameters. In Tab. I and Fig.
15, we also report the number of BBH events with post-
inspiral SNR greater than 100 and the effective post-
inspiral SNR for each network. The post-inspiral SNR is
calculated by performing the SNR calculation beginning
at the ISCO (innermost stable circular orbit) frequency,
instead of starting at flow. Thus, it has contributions
from the merger and the ringdown phases. While the net-
work with three A♯ detectors is only expected to detect
O(10) events with post-inspiral SNR greater than 100,
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a network with CE20 will detect O(100) and CE40 will
detect O(1000) such events every year. These events will
allow testing general relativity in the strong-field regime
close to merger and using quasinormal modes that de-
scribe the ringdown phase to test the nature of black
holes.
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Figure 15. The scaled CDF plots for the post-inspiral SNRs
corresponding to the local BBH population.

These estimates can be extended to specific alternate
theories of gravity (see Ref. [174] for a comprehensive
study). Constraints on both the dipole radiation as well
as the time variation of the gravitational constant G scale
inversely with SNR. However, we should note that both
these effects appear at low PN orders (−1PN and −4PN,
respectively) and are better constrained using multiband
observations with LISA [175], instead of only using ter-
restrial networks. On the other hand, Lorentz violation
with non-commutative theories of gravity and parity vio-
lation with the dynamical Chern-Simon theory affect the
GW phasing at 2PN, but the constraints on these theo-
ries scale with ρ−1/4. Moreover, theories that predict a
massive graviton have a leading order effect on GW phase
at 1PN. While the constraint on the mass of the gravi-
ton scale as ρ−1/2 with SNR, they also scale as D−1/2

0 ,
where D0 is the cosmological distance. Thus, GWs from
objects that are farther away can provide tighter bounds
on the mass of graviton. In Tab. I, we list the number of
BNS and BBH mergers that occur beyond z ≥ 5 and can
be detected. For the BNS case, we see that only those
networks that contain a 40 km CE can detect such far-
away mergers. The number of detections increase by 7
times when the network includes both CE40 and CE20
along with an A♯ detector, compared to only containing
the CE40 with two A♯ detectors. For BBH systems, the
number of detections corresponding to systems that lie
beyond z = 5 increases by two orders of magnitude when
only one of the CE detectors is included, compared to a
network with only A♯ detectors. Further, Fig. 6 shows
that these distant events can be detected with SNR ∼ 100
with CE detectors. Thus, GW networks with CE detec-
tors will allow testing general relativity and fundamental
physics for both theory-agnostic and theory-specific tests

to unprecedented precision.

2. Measuring the Hubble constant with golden dark sirens
and bright sirens

Detecting GWs from compact binary mergers allows
the estimation of the luminosity distance and the sky
position associated with the source. As GW observa-
tions provide the distance to the source without the need
for external distance calibrators, GW sources are often
referred to as standard candles. Under the construct of
ΛCDM cosmology,

DL =
1 + z

H0

∫ 1

1/(1+z)

dx

x2
√
ΩΛ +Ωm x−3

=
1 + z

H0

∫ 1

1/(1+z)

dx

x2
√
1− Ωm(1− x−3)

,

(7)

where Ωm is the matter density, ΩΛ is the dark energy
density, and we have used ΩΛ = 1 − Ωm. Thus, hav-
ing obtained the distance to the source, if the redshift
associated with the source can also be estimated, then
these two quantities together can allow us to measure
cosmological parameters, like the Hubble constant (H0).
The utility of GWs in measuring H0 also becomes im-
portant in light of the Hubble tension [176, 177], which
is the 4σ− 6σ discrepancy between the measurements of
H0 using data from the early and the late epochs of the
universe [178, 179], although systematics could explain,
at least some of, the difference in the two measurements
[180]. Using GWs to constrain H0 is independent of the
previously mentioned approaches and can help resolve
the Hubble tension by measuring H0 to better than 2%
precision.

Various approaches have been proposed to measure
the redshift, and as a result, H0, using GW observa-
tions. The NS(s) in BNS and NSBH mergers can un-
dergo tidal disruption before the merger and lead to the
generation of EM counterparts like kilonovae and short-
gamma ray bursts, among others. Detecting these EM
counterparts allows us to pinpoint the location of the
merger and uniquely identify the host galaxy. Photo-
metric or spectroscopic measurements of the galaxy pro-
vide the redshift associated with the source. This is re-
ferred to as the bright siren method. The BNS merger
GW170817 [120, 181–183] was the first event that was
used to measure H0 with the bright siren approach, giv-
ing H0 = 70+12

−8 km s−1 Mpc−1 [184].
In the absence of EM counterparts, as will be the case

for BBH and most NSBH mergers, the sky localization
of the source can be utilized to obtain redshift measure-
ment. The first such approach was proposed in Ref.
[185], also called the statistical dark siren approach. It
involves combining the H0 estimates from all the galaxies
that lie within the localization volume associated with an
event, for all the eligible detections. In doing so, the true
value of H0 can be isolated from the noise and inferred.
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Combining 8 well-localized dark siren events, Ref. [186]
obtain H0 = 79.8+19.1

−12.8 km s−1 Mpc−1. These bounds are
expected to get better with more detections. The capa-
bilities of different detector networks w.r.t. 3D localiza-
tion was discussed in section IV C. In comparison to the
HLA network, the inclusion of XG detectors in the net-
work results in drastically better localization estimates.

Among these dark siren events, there will also be a
fraction of events that are so well localized in the sky
that only one galaxy can lie in that sky patch [187]. This
would ensure unique identification of the host galaxy and
the associated redshift can be obtained. Such events are
called golden dark siren events. In Fig. 16, we show
the accuracy with which H0 can be estimated using the
golden dark siren approach and the bright siren approach
for different detector networks. We follow Refs. [37, 188]
to categorize those BBH and NSBH events as golden
dark sirens for which z ≤ 0.1 and ∆Ω ≤ 0.04 deg2. To
calculate the fractional errors in H0, we convert the lu-
minosity distance errors to H0 errors using equation 7.
Following Ref. [188], the errors in the redshift measure-
ment are neglected, but we take into account the un-
certainty in the value of Ωm. Specifically, Planck gives
Ωm = 0.315 ± 0.007 [179] and the SH0ES measurement
of q0 is used to give Ωm = 0.327 ± 0.016 [178]. This in-
formation is included in the Fisher analysis by applying
a Gaussian prior on Ωm standard deviation given by

σΩm
=

√
σ2
Planck + σ2

SH0ES = 0.017. (8)

The Fisher matrix obtained by combining estimates from
N golden dark siren events is given by

Γij =

N∑
k=1

1

σ2
DL

(
∂DL

∂θi

)(
∂DL

∂θj

)∣∣∣∣
k

+ δi2δj2
1

σ2
Ωm

, (9)

where θ = (H0,Ωm) and δij refers to the Kronecker delta.
From Fig. 2, we see that the chosen redshift distribution
allows for 10 BBH and 20 NSBH mergers within z =
0.1 every year. To avoid making conclusions based on a
specific set of events, we perform 100 realizations of the
universe and calculate the combined estimates for each of
these realizations. Fig. 16 shows the median error in H0

and the error bars portray the 68% confidence interval.
For the bright siren approach, we consider those BNS

for which z ≤ 0.3 and ∆Ω ≤ 10 deg2. The redshift range
takes into account the redshift up to which a kilonova can
be observed using the Rubin or the Roman telescope and
the sky-area cut-off matches the field of view of the Rubin
observatory. We also assume a 20% duty-cycle due to the
time-sensitive follow-up required for this method. While
the same duty-cycle is used for all the detectors, networks
with XG detectors will detect more events that can be
followed up. Thus, we are implicitly assuming that the
EM facilities will improve in the future and will be able
to keep up with the GW detections. Following the same
steps as for the golden dark siren case, we estimate the

fractional errors in H0 using the bright siren approach,
which is also shown in Fig. 16. For both the bright siren
and the golden dark siren cases, we multiply the errors by
a factor of

√
2, in order to account for systematic effects

that have not been included in this work.
For Fig. 16, we see that using the golden dark siren

events, the tension in H0 could be resolved without any
XG detectors, with the A♯ network achieving sub-percent
precision in the span of 1 year. With XG detectors, the
bounds on H0 improve by a factor of 2 − 8, depending
on the number of XG detectors in the network. In addi-
tion, we note that networks with at least 2 XG detectors
are able to achieve 0.2% precision with a handful of
events. This shows that for each event, individually, H0

can be measured to the level of 1% or better (assuming
Ωm is known). This also allows for the study of possible
anisotropy in H0 measurements, which would point to
the breakdown of ΛCDM cosmology.

Using the bright siren method with BNS detections, we
see that the A♯ network will be unable to measureH0 well
enough to resolve the tension. However, networks with
2 or more XG detectors will be able to measure H0 to
sub-percent precision. Also, note that the best detector
network, 4020ET, achieves a precision of 0.004 with 626
events, i.e., with ∼ 2 detection per day. We expect that
the future EM facilities will be capable of following up
on these events at the stated frequency.

It is important to note that the actual constraints on
H0 will be even better if the bounds from BBH, NSBH
and BNS events are combined. However, the fact that
H0 can be measured precisely by each of these compact
binary mergers will be important as it would allow us to
check the consistency of the inferred value of H0 from the
different types of mergers, and, consequently, different
approaches. Inconsistency will help isolate, and correct
for, any systematic effects that might have been ignored
when inferring the value of H0, or point to new physics.

3. Measuring the LCDM with NS tides

BNS have an intrinsic mass scale and can only exist
in a narrow range of masses. This mass scale is im-
printed in the tidal interaction between the component
NSs. Therefore, if the nuclear EoS is known, one can de-
termine the source-frame masses by a measurement of the
tidal deformability. This, in turn, would allow the mea-
surement of the redshift directly from a GW observation
because it is the redshifted mass that is inferred from
the point-particle approximation of the waveform. Such
a method was first proposed in Ref. [189] and further ex-
plored in Refs. [190, 191]. The measurement of H0 using
a known relationship between the tidal parameter and
source-frame mass was explored in Refs. [192–194] while
Ref. [195] showed that one can simultaneously estimate
both the nuclear EoS and H0 using future observatories.
A measurement of the dark energy EoS was explored in
Refs. [196, 197].
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Figure 16. The accuracy in H0 measurement using the bright siren approach with BNS mergers and the golden dark siren
approach with BBH and NSBH mergers. The dotted black horizontal line in the three plots marks the 2% precision threshold
for H0 measurement, which is adequate to resolve the H0 tension. Alongside each error bar, we also mention the number of
events that were used to obtain the corresponding bound on H0.

In this section, we explore the potential of different XG
configurations to constrain the expansion history of the
Universe assuming that the nuclear EoS is known. It is
found in Ref. [193] that up to a 15% uncertainty in the
knowledge of the EoS does not affect the measurement
of the Hubble constant in a meaningful manner. We use
the TaylorF2 waveform model augmented with the 5PN
and 6PN tidal terms in the phase, terminating the signal
at the ISCO frequency corresponding to the total mass
of the binary. Additionally, we assume the APR4 EoS
for the NS. We fit the logarithm (base 10) of the tidal
deformability as a function of the mass of the NS using
a fifth-order polynomial given by

log10 Λ(m) = −5.60m5 + 43.2m4 − 132m3 + 199m2

− 151m+ 49.2, (10)

where m is in units of M⊙. We verify that the fit repro-
duces the slope of the curve accurately with maximum
errors at a few percent around the double Gaussian from
which the neutron star masses are drawn. This is crucial
because it is the slope of the curve that contributes to
the Fisher errors on the redshift.

The Fisher errors from the dL–z space are then prop-
agated to the space of cosmological parameters, ϕ⃗, via
another Fisher matrix given by [198]

Gij =

N∑
k=1

1

σ2
dL,k

∂dkL(z)

∂ϕi
∂dkL(z)

∂ϕj
, (11)

where N is the total number of observations in the cat-
alog and σ2

dL,k is the total variance in the luminosity
distance for the k-th event given by

(σdL
)2 = (σh

dL
)2 + (σz

dL
)2. (12)

Here, σh
dL

is the contribution to the luminosity distance
error due to the error in the GW amplitude while σz

dL
is

that due to the error in the redshift measurement, given
by

σz
DL

=

∣∣∣∣∂DL

∂z

∣∣∣∣σz. (13)

In writing Eq. 11, we have neglected the correlations in
the dL–z space for simplicity.

The results for H0 and ΩM are shown in the left panel
of Fig. 17. It is observed that H0 and dark matter energy
density cannot be simultaneously constrained in the ab-
sence of any XG detectors. With at least 1 XG detector,
H0 can be determined at the percent level while ΩM can
be measured to an accuracy of 5 − 10%. Of particular
note is that an XG network consisting of CE20 is sig-
nificantly worse than its 40 km counterpart and the ET
observatory. With a network of 2 XG detectors, the er-
rors decrease by a factor of 2−4 while a full XG network
consisting of 3 XG detectors further reduces the errors
by another 50%.

4. Measuring the dark energy with NS tides

The results for the dark energy EoS parameters are
shown in the right panel of Fig. 17. In the absence of
any XG detectors, dark energy EoS parameters cannot
be measured. We see similar factors of improvement with
the addition of each XG detector. Notably, if the ΛCDM
parameters are marginalised over instead of assumed to
be given from other experiments, the constraints on the
dark energy EoS parameters worsen by a factor of 5−10.
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Figure 17. Left: The fractional uncertainty in the Hubble constant H0 and the dark matter energy density parameter ΩM
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H0 and ΩM as model parameters but marginalizing over them (empty squares) and assuming that they are known precisely
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5. Gravitational-wave lensing

Gravitational lensing, a captivating phenomenon pre-
dicted by Einstein’s theory of general relativity, bends
light and gravitational radiation as they pass near mas-
sive intervening objects. The advent of XG observatories
usher in a new era of gravitational lensing exploration,
as it is projected that approximately one in a thousand
BBHs and one in a few thousand BNSs will be strongly
lensed, resulting in an annual detection rate of around
O(50 − 100) lensed events (see Table XII). Such lensed
detections have the potential to achieve highly precise lo-
calization of BBHs with sub-arcsecond accuracy, identify
new subpopulations of lensed systems, probe the fun-
damental properties of GWs, reconstruct gravitational
lenses using GW signals, perform cosmographic measure-
ments at submillisecond timing precision, develop com-
prehensive models of lens populations, and conduct mul-
tifaceted studies involving multiple messenger signals [see
Refs. 200, 201, and references therein]. Embracing this
research frontier with XG observatories not only advances
GW astronomy but can also pave the way for ground-
breaking discoveries that enhance our knowledge of grav-
ity, astrophysics, and the intricacies of the universe.

E. Physics beyond the standard model

1. Stochastic backgrounds

The sensitivity of a given XG network to the stochastic
GW background of primordial origin quantifies its ability
to probe early-universe physics. Typical stochastic back-
ground searches assume that the background is Gaus-
sian, isotropic, stationary, and unpolarized, so the opti-

mal search strategy is to look for excess correlated power
between pairs of detectors [204, 205]. In this case, the
sensitivity of the pair depends primarily on the detector
PSDs and geometry, quantified via the overlap reduction
function, γ(f) [206]. Co-located and co-aligned L-shaped
detectors have γ(f) = 1, while for detectors separated by
large distances and large relative angles, γ(f) is an oscil-
latory function that asymptotes to zero at large frequen-
cies, penalizing the sensitivity of that detector baseline.
The overlap reduction functions for several detector base-
lines considered in this document are shown in the right
panel of Fig. 18.

The strength of the stochastic background is typically
parameterized in terms of

ΩGW(f) ≡ 1

ρc

dρGW

d ln f
= Ωα

(
f

fref

)α

, (14)

where ρGW is the energy density in GWs and ρc is the
critical energy density needed to close the universe. For
a given value of the power-law index α, the background
amplitude that would be detectable with SNR ρ and an
observing time T is given by

Ωα =
ρ√
2T

[∫ fmax

fmin

df
(f/fref)

2α

Ω2
eff(f)

]−1/2

(15)

Ωeff =
10π2

3H2
0

f3Seff(f). (16)

The effective strain noise power spectral density is given
by

Seff =

[
M∑
I=1

M∑
J>I

γ2IJ(f) sin
2 βI sin

2 βJ
Pn,I(f)Pm,J(f)

]−1/2

, (17)
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Table XII. Relative rate of strong lensing detections per year for seven detector networks and variable binary compact object
population models. The strong lenses are generated using galaxies drawn from the SDSS galaxy catalog [see Ref. 199].

Detector
configuration

Local population Population III Primordial
black holes

Binary neutron
stars

HLET 6.9× 10−3 2.3× 10−3 2.0× 10−3 2.7× 10−4

20LA 6.6× 10−4 2.2× 10−3 2.1× 10−3 1.5× 10−4

40LA 7.3× 10−4 2.4× 10−3 2.1× 10−3 2.4× 10−4

40LET 7.9× 10−4 2.5× 10−3 2.2× 10−3 2.4× 10−4

20LET 7.3× 10−4 2.3× 10−3 2.2× 10−3 2.5× 10−4

4020A 7.6× 10−4 2.5× 10−3 2.2× 10−3 2.4× 10−4

4020ET 8.1× 10−4 2.5× 10−3 2.3× 10−3 2.3× 10−4
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Figure 18. Left: Power-law integrated (PI) curves showing the sensitivity of the various detector networks considered in this
work to the stochastic gravitational-wave background. Any background whose spectrum crosses the PI curve would be detected
with SNR=3 after one year of observing time. Dashed lines show the expected backgrounds for cosmic strings (Gµ = 10−11 with
fiducial model parameters from Ref. [202]), preheating (for hybrid inflation occurring at 109 GeV as calculated in Ref. [203]),
and standard slow-roll inflation. Right: Overlap reduction functions for various detector pairs considered here, normalized so
that γ(f) = 1 for co-located and co-aligned L-shaped detectors.

where the indices I, J indicate the interferometer, β is the
opening angle between the arms of each interferometer,
and Pn is the noise PSD.

The last row of Table I gives the background amplitude
that would be detectable with SNR= 3 after one year of
observing for each of the eight networks considered in
this document at a reference frequency of 25 Hz for α =
0, which is the theoretical expectation for backgrounds
produced by vanilla inflation [207]. The left panel of
Fig. 18 shows the power-law integrated (PI) curves [208]
for each network, for which a stochastic background that
crosses or lies tangent to the PI curve would be detected
with SNR= 3 after 1 yr of observing.

Because ET consists of three nearly co-located detec-
tors and has the best projected sensitivity at low fre-
quencies, the networks including ET are not penalized as
strongly by the geometric γ(f) factor and thus have the
best projected sensitivity to the stochastic background.
We neglect the effect of correlated noise, which may be

significant for the co-located ET detectors [e.g., 209]. The
exact sensitivity of the proposed XG networks will change
due to the change in the overlap reduction function once
the locations and orientations of the detectors are final-
ized, but the numbers quoted here are meant to be rep-
resentative of XG detector capabilities.

It is worth noting that these values of ΩGW are cal-
culated assuming that the primordial background can be
perfectly separated from the foreground of merging com-
pact binaries. New methods that exploit the statistical
differences between the two signals are being developed
to ensure this is possible by the time that XG data be-
come available [210–214].

2. Bosonic asymmetric dark matter

The next generation of GW detectors are expected to
observe ∼ 106 BNS mergers per year with precise mea-
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Figure 19. Left: Cumulative distribution function (CDF) of the error in the measurement of effective tidal deformability in
four representative detector networks with and without cosmic explorer. Right: Comparison between the constraints obtained
for mχ ∈ [1, 104] GeV assuming an ambient DM density of ρχ = 1 Gev/cm3 for representative detector networks with the latest
constraints from the direct detection experiment, LZ [215].

surements of their effective tidal deformability. If neutron
stars accumulate ambient dark matter, their EoS would
deviate from that of pure neutron stars, in turn leading to
a deviation in the effective tidal deformability of the bi-
nary system. The accumulation of dark matter particles
in NS cores due to accretion over long timescales could
potentially lead to the formation of a mini BH, destabi-
lizing the NS and resulting in its implosion to form a BH
without significantly increasing its mass. When this pro-
cess occurs in neutron stars in coalescing binaries, one
or both stars might be converted to a BH before they
merge. Hence, the total rate of mergers of compact ob-
jects in the mass range 1 − 2 M⊙ would have relative
contributions majorly from BNS, BBH and significantly
lower from NSBH systems. The precise measurement of
the effective tidal deformability parameter with the XG
detectors, we would be able to distinguish between the
sub-populations of compact mergers since the tidal de-
formability of BHs is zero, while NSs have non-zero val-
ues for the tidal deformability. This distinguishability
using matter properties is essential in ascertaining the
relative rates of BNS and BBH mergers. However, the
rates are also informed by the collapse time of the NS
to BH which in turn depends on the mass and scattering
cross-section of the dark matter particles. Therefore, GW
observations of BBHs and BNSs can potentially constrain
particle properties of dark matter through the observed
rates of different binary populations in the mass range of
1− 2 M⊙.

In the left panel of Fig. 19, we show the capability
of a subset of detector networks considered in the study
to measure the effective tidal deformability of merging
binaries. The addition of a single CE to the network
drastically reduces the measured error - 0.001% of events
are detected with an error σ90%

Λ̃
≃ 100 in the HLA net-

work, while the same fraction of events are detected with
σ90%
Λ̃

< 10 in networks with at least one CE. The right
panel in the same figure shows the effect of measured er-
rors on the effective tidal deformability on the inferred
dark matter constraints. For an assumed threshold of
σ90%
Λ̃

= 50, we derive the upper limits for the dark matter
particle mass and scattering cross-section with baryons.
We also present the upper limits for WIMPs reported
by Lux-Zeplin experiment (LZ [215–217]) to show how
competitive these constraints can be with leading dark
matter experiments.

3. Ultra-light boson clouds around rotating black holes

Axions are ultralight bosons hypothesized to solve the
strong-CP problem in QCD. If axions or other ultra-
light scalar or vector ultralight bosons exist, they could
appear spontaneously near rotating black holes and be
bound to them if their Compton wavelength is compara-
ble to the BH size [218–220]. They could extract mass
and energy from BHs over time, building up a macro-
scopic dark-matter “cloud” via a superradiance process
[220, 221] which might be easier to detect with vector
(i.e., spin 1) bosons with near-term detectors [222–224].
The so-called “gravitational atom” could then emit quasi-
monochromatic, persistent, GWs via boson-boson anni-
hilation [225]. Current detectors are able to detect the
presence of boson cloud systems at the galactic center in
the most recent observing run, for young spinning black
holes (less than 105 years) [226], but with the advent
of XG observatories, those prospects will improve by a
factor of 10-20. In Fig. 20, we plot the distance reach,
computed according to an analytic expression, Eq. (57)
given in Ref. [227], as a function of ultralight boson mass,
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Figure 20. Astrophysical distance reach as a function of ax-
ion mass for ultralight boson clouds that could form around
rotating black holes. Different colors correspond to different
detectors.

in the small gravitational fine-structure constant α limit
(α < 0.1), assuming a uniform distribution of spins be-
tween [0.2,0.9], a log-uniform distribution of ages between
[103,107] years, a coherence length of 10 days, and a
Kroupa distribution [228] for black hole masses between
[5, 100]M⊙. This distance corresponds to detecting at
least 5% of black holes located at that distance away
with a particular boson cloud. The improvements rela-
tive to the current detector era are immense, and are de-
rived for a semi-coherent all-sky search for boson cloud
systems with fast-Fourier-transform length of TFFT = 10
days and a threshold on our detection statistic, the crit-
ical ratio, of 3.4, as done in a similar analysis for ET
design comparisons [52].

VI. CONCLUSIONS

In this paper, we compared the relative performance
of eight different GW observatory networks composed of
upgraded LIGO, Virgo, KAGRA, LIGO-India, CE and
ET. The spirit of this study was to understand which key
science goals enumerated in the Cosmic Explorer White
Paper [13] can be accomplished with networks that have
no XG observatories and how adding one, two or three
such observatories would strengthen the network. In par-
ticular, we have explored the role of upgraded LIGO-
Livingston and LIGO-India operating at A♯ sensitivity
in tandem with one or two next CE observatories and/or
ET. As summarized in Table I there is great value in
operating an upgraded LIGO when only one or two XG
observatories are operating. Such a scenario could arise
either because of scheduling or one or more of the XG
observatories are in the commissioning or upgrade mode.
A network composed of two CE observatories (one with
40 km arms and one with 20 km arms) and ET will deliver

all the science goals identified in the White Paper [13];
such a network will be two orders-of-magnitude better
with respect to almost every science metric considered
in this study and will have an unprecedented discovery
potential, observing BH binaries from epochs when the
first stars were still being assembled and binary neutron
stars from redshifts when the star formation was at its
peak.

ACKNOWLEDGEMENTS

We thank the members of the Cosmic Explorer Project
and the Scientific Advisory Committee for their input
and feedback. IG, AD, BSS, RK, and DS were supported
by NSF grant numbers PHY-2012083, AST-2006384
and PHY-2207638. SB acknowledges support from the
Deutsche Forschungsgemeinschaft, DFG, Project MEMI
number BE 6301/2-1. K.G.A. acknowledges support
from the Department of Science and Technology and Sci-
ence and Engineering Research Board (SERB) of India
via the following grants: Swarnajayanti Fellowship Grant
DST/SJF/PSA-01/2017-18 and Core Research Grant
CRG/2021/004565 K.G.A, E.B. and B.S.S. acknowledge
the support of the Indo-US Science and Technology
Forum through the Indo-US Centre for Gravitational-
Physics and Astronomy, grant IUSSTF/JC-142/2019.
E.B. is supported by NSF Grants No. AST-2006538,
PHY-2207502, PHY-090003 and PHY-20043, and by
NASA Grants No. 20-LPS20-0011 and 21-ATP21-
0010. E.B. acknowledges support from the ITA-USA
Science and Technology Cooperation program (CUP:
D13C23000290001), supported by the Ministry of For-
eign Affairs of Italy (MAECI). MB acknowledges sup-
port from DOE under Award Number DE- SC0022348
GL acknowledges NSF award PHY-2208014, Nicholas
and Lee Begovich, and the Dan Black Family Trust.
A. Corsi acknowledges support from NSF grant PHYS-
2011608. AHN acknowledges support from NSF grant
PHY-2309240. OAH and HP acknowledge support by
grants from the Research Grants Council of Hong Kong
(Project No. CUHK 2130822 and 4443086), and the Di-
rect Grant for Research from the Research Committee
of The Chinese University of Hong Kong. TGFL ac-
knowledge support by grants from the Research Foun-
dation - Flanders (G086722N, I002123N) and KU Leu-
ven (STG/21/061). DEM, BJJS, and LS acknowledge
the support of the Australian Research Council Centre of
Excellence for Gravitational Wave Discovery (OzGrav),
Project No. CE170100004. C.P. acknowledges research
support from the Italian Istituto Nazionale di Fisica Nu-
cleare (INFN). BJO, AP, and BR acknowledge support
from NSF grants PHY-1912625 and PHY-2309305. JDR
acknowledges support from NSF grant PHY-2207270.



37

Appendix A: Data release

As mentioned in Sec. III, we simulate one-year popula-
tions for BBH, BNS, NSBH, IMBBH, primordial BH and
Pop-III BBH systems. We make the populations avail-
able on Zenodo [229], along with an iPython notebook,

called intructions.ipy, that demonstrates how one can
use the available data. The data files contain the intrin-
sic and extrinsic parameters that describe the systems,
as well as the SNR and the measurement errors on some
of these parameters.
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