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Abstract

While the Einstein telescope and cosmic explorer proposals for next-generation (XG), ground-
based detectors promise vastly improved sensitivities to gravitational-wave signals, only joint
observations are expected to enable the full scientific potential of these facilities, making timing
and coordination between the efforts crucial to avoid missed opportunities. This study investigates
the impact of long-term delays on the scientific capabilities of XG detector networks. We use the
Fisher information formalism to simulate the performance of a set of detector networks for large,
fiducial populations of binary black holes, binary neutron stars, and primordial black-hole binar-
ies. Bootstrapping the simulated populations, we map the expected observation times required to
reach a number of observations fulfilling scientific targets for key sensitivity and localization met-
rics across various network configurations. We also investigate the sensitivity to stochastic back-
grounds. We find that purely sensitivity-driven metrics such as the signal-to-noise ratio are not
strongly affected by delays between facilities. This is contrasted by the localization metrics, which
are very sensitive to the number of detectors in the network and, by extension, to delayed observa-
tion campaigns for a detector. Effectively, delays in one detector behave like network-wide inter-
ruptions for the localization metrics for networks consisting of two XG facilities. We examine the
impact of a supporting, current-generation detector such as LIGO India operating concurrently
with XG facilities and find such an addition will greatly mitigate the negative effects of delays for
localization metrics, with important consequences on multi-messenger science and stochastic
searches.

1. Introduction

Gravitational-wave (GW) astronomy currently relies on four ground-based detector facilities: the LIGO
detectors [1] in Hanford, Washington, USA and Livingston, Louisiana, USA, the Virgo detector [2] in
Cascina, Italy, and the KAGRA detector [3] in Hida, Japan. A third LIGO detector [4] is under construc-
tion in Aundha, Maharashtra, India, adding the fifth and final piece to the global network of second-
generation, ground-based detectors. The LIGO, Virgo, and KAGRA detectors observed about 218 com-
pact binary coalescence candidates, including binary black holes (BBHs), binary neutron stars (BNSs),
and neutron star-black hole mergers [5-8] during their first three observing runs and the initial part of
the fourth run, O4a. Additional data releases for the subsequent parts will follow.

Amidst the excitement of the early years of GW astronomy the community has started to plan for
potential upgrades to existing facilities, such as the proposed upgrade to the LIGO detectors from A+
to A# sensitivity [9, 10], in addition to proposals for next-generation (XG), ground-based GW detectors.

© 2026 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-6382/ae5b1a
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6382/ae5b1a&domain=pdf&date_stamp=2026-4-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0161-6109
https://orcid.org/0000-0002-4589-3987
https://orcid.org/0000-0001-6045-6358
https://orcid.org/0000-0002-8140-4992
https://orcid.org/0000-0002-0675-508X
https://orcid.org/0000-0002-0933-3579
mailto:ssohrab.borhanian@unimib.it

10P Publishing

Class. Quantum Grav. 43 (2026) 085008 S Borhanian et al

Two proposals are currently gathering the most attention: the Einstein Telescope (ET) [11, 12] and cos-
mic explorer (CE) [13]. Both proposed XG facilities are expected to dramatically improve the GW sens-
itivity across the audio band ranging from a few to order a thousand Hz, enabling the observation of
hundreds of thousands of BBH and BNS signals per year and at much higher fidelities [14-22].

Both proposing teams are still narrowing down the exact configurations of the detector facilities.
There are several options under consideration for ET [12, 23] including one triangular configuration
with interferometer arm lengths of 10km in either Sardinia, Italy, or the Meuse-Rhine region between
the Netherlands, Belgium, and Germany, as well as two L-shaped configurations with varying arm
lengths at both of the aforementioned sites®. Similarly, a range of CE [24, 25] configurations are being
explored which are centered around one or two L-shaped interferometers with arm lengths of 20-40km
that could be built in the United States and/or Australia.

XG GW detectors require substantial investment and would stand among the foremost frontier sci-
ence facilities of the coming decades. Therefore, coordination between efforts such as ET and CE will be
crucial to maximize their scientific return. Conversely, non-optimal synchronization could represent a
major missed opportunity for both astrophysics and fundamental physics. This study aims to investigate
the impact of facility timing—such as planning and construction delays—on the scientific capabilities
of XG detector networks, focusing on the expected observation times for key metrics in GW astronomy.
In particular, some science targets can be achieved relatively quickly by a single XG facility, potentially
affecting the scientific rationale for the other facility if it is delayed. Conversely, while other science goals
can be reached orders of magnitude faster only if both the ET and CE facilities operate concurrently. In
the latter case, the still-under-construction LIGO-India detector can play a crucial role to mitigate the
studied delays when operating in tandem with future XG networks [26, 27].

Section 2 describes the science metrics used in this study, the XG networks investigated, and the spe-
cifics of the simulated sources. Section 3 presents the impact of XG facility timing on their scientific
return, the impact of LIGO-India, the discernability of primordial origin, and the sensitivity to stochastic
backgrounds. Finally, Section 4 summarizes and discusses the findings, implications, and caveats of this
study.

2. Setup

2.1. Targeted metrics
This study aims to map expectations for observation times required to achieve targeted thresholds for
key science metrics in GW astronomy such as signal-to-noise ratio (SNR) and the estimation fidelity
in luminosity distance, sky position, and 3D localization; particularly taking into account that detector
facilities in networks could commence observation with delays with respect to each other. A variety of
XG detector networks are examined, as well as three types of compact-binary GW sources, namely BBHs
and BNSs of stellar origin and primordial black hole (PBH) binaries of cosmological origin.

The quantities of interest are the expected observation times Ty to reach a number of events Ny,
satisfying the targeted thresholds for nine key science metrics:
(i)  full-signal SNR pu,,
(ii) post-merger SNR ppmm (for BBHs),
(iii) early-warning SNR peym (for BNSs),
(iv) 90%-credible sky area Q,
(v)  90%-credible sky area from early warnings Qeymn (for BNSs),
(vi) relative luminosity distance error (ADy /Dy )m,
(vii) comoving error volume Vi,

(viii) lower redshift error bound Az, ¢ (for PBH binaries),

(ix) power-law sensitivity Pz of a set of detectors Z to a stochastic signal.

3 Recently, a third candidate site in Saxony (Germany) has also been under active consideration, but it is not further investigated in this
study, in line with [23].
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These metrics are designed to span the full breadth of GW science, from compact-binary astrophysics
to multi-messenger studies and tests of General Relativity. In particular, the BBH post-merger regime is
defined, for the purposes of this study, to start at a frequency f,m corresponding to the peak of the GW
strain in the frequency domain such that

(o

7. M

:mafot —ih
S b

where hy,hy are the Fourier transforms of the plus and cross polarizations of the GW strain. For BNS,
the early-warning time is set to 7.y, = 2min before coalescence at which the signal has reached a fre-

quency
0.25\** /2.8Mx\** [ 1205\
=22 (= v = Hz, 2)

with symmetric mass ratio 1 = m;m,/M? and total detector-frame mass of the system M = m; + m,.
The comoving error volume is computed from the sky area {2 and luminosity distance error ADj, as

Az
V=0Q / V. (z) dz, (3)
Azy,

where the differential comoving volume V. [Mpc’rad’] as well as the lower and upper redshift error
bounds Az, = z[Dy — ADy] and Az" =z[Dy + ADy] are computed using the Planck18 cosmology [28]
with redshift z[-] as a function of luminosity distance.

The metrics (i)—(viii) are computed for 10° simulated BBH, BNS, and PBH binary signals using the
open-soure Python package gwbench [29] which implements the Fisher-matrix formalism [30-32]. The
formalism is well-established in GW astronomy for the purposes of benckmarking the science capabilties
of XG GW detectors for a large number of signals [16—18, 21, 33] as it provides a fast, efficient resource
to compute estimates for parameter errors without the need for full Bayesian parameter estimation. For
a comprehensive overview of the caveats and limitations of the Fisher-matrix formalism see [34].

A fiducial, easily rescalable cosmic merger rate R of 10°yr~!, chosen in agreement with the current
BBH and BNS estimates from LIGO/Virgo/KAGRA [35], is used to compute the expected observation
time Tops for a tuple (Ny,, Xg,) under the assumption that the mergers are Poisson-distributed in time;
X represents a threshold in one of the key metrics. The computation of the observation time is fur-
ther bootstrapped 100-fold [36] over a 3-year period to mitigate finite-sampling effects from the set of
simulated binary merger; median values are reported throughout this study. Statements on observation
times beyond 3yr are extrapolated and only reported up to 5 yr. The PBH binary merger rate was set to
2 x 10°yr~! consistent with the population model described below.

Sensitivity of the XG network to stochastic signals, such as the GW background (GWB) from the
compact binary populations presented here, is assessed by computing power-law integrated sensitivity
curves (PI curves) [37]. A PI curve is the locus where an envelope of stochastic signals each described
via a power-law model with a distinct index is tangent to the detector sensitivity, assuming a certain
detection statistic threshold (i.e. SNR p=3). In practice, this translates to the collection of points at
which the tangent power-law stochastic signal would satisfy a given p. The p statistic used here is defined
for two detectors, I and J, assuming joint observing time Tops, as [37]

B nHsnH1"
o= V2T [/ s Sfl(f>5£((f)} | @

where yj; is the overlap reduction function [38] for the two detectors, which quantifies the decoherence
between the two detector sites and orientations, while Sy, (f) and S,(f) represent the GW power spectral
density of the stochastic background and noise power spectral density of each detector, respectively. The
GWB SNR pj; scales with the square root of the observing time.

2.2. Sources

The 10° signals of all binary populations are generated using the frequency-domain waveform models
IMRPhenomXHM [39, 40] for BBHs and PBH binaries and IMRPhenomXAS_NRTidalv2 [41] for BNS. The
lower frequency cutoff is set to fi = 2Hz for the ET detectors, fi = 3Hz for LIGO-India, and fi = 5Hz
for CE, while the upper frequency cutoff is set to f, = min{1024Hz, 8 fiic, = 8 (6*/>m GM/*) '} for

3
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all detectors (where G is Newton’s constant and ¢ is the speed of light). The frequency step size is set

to Af =2~*Hz. The GW signal model parameters consist of detector-frame chirp mass M, = 1°/°M,
symmetric mass ratio 7, spin parameter vectors X1, X2, luminosity distance Dy, time #. and phase ¢. of
coalescence, inclination angle ¢, right ascension «, declination J, and polarization angle v, as well as the
tidal deformability parameters A; and A, for BNSs.

The BBH and BNS redshift distributions follow the merger rate density for field BBHs from [42]
with z € [0,10]; for BNS, the Madau—Dickinson [43] star formation rate with z € [0,5] is assumed, neg-
lecting metallicity effects; more details on both poulations, e.g. the applied time delay distributions,
are reported in [16]. The BBH source-frame masses are distributed according to the median Power-
Law+Peak model from the Third GW Transient Catalog [44], while the BNS source-frame compon-
ent masses follow a Gaussian distribution M (u = 1.35,6 = 0.15) constrained within [1,2]Mg. The tidal
deformability of the component neutron stars is computed from their masses for the SLY equation of
state [45] as implemented in bilby [46]. The component spins are chosen to be aligned with the orbital
angular momentum of the binary system with uniformly distributed projections, X?EH € [—0.75,0.75]
and Xffs € [—0.05,0.05], with i = 1,2. The luminosity distance Dy, is calculated from the sampled
redshifts using the Planck18 cosmology [28] while both the time and phase of coalescence are set to
t. = ¢. = 0 for all signals. The sampling method for the four angular parameters is the same for both
populations with cos(¢), cos(7/2 — §) uniformly distributed in [—1,1] and «, ¢ uniformly distributed in
[0,27].

Further, a speculative population of stellar-mass PBHs is studied which may have formed in the
very early Universe from, for example, the collapse of large amplitude density perturbations (see e.g.
[47-49] for recent reviews). If such a population exists, since they would have populated the Universe
long before matter-radiation equality and only interact gravitationally, they would automatically explain
some fraction of the dark matter energy density budget. Their abundance, usually quantified by fppy =
Qppu/Qcpm < 1, is the fraction of the dark matter energy density today Qcpym that is contained within
PBHs. In the stellar-mass range, GW observations place some of the most stringent constraints on their
abundance such that fpgy < 1072 [50]. While initial PBH clustering is expected to have a negligible
impact on this mass range [51], extended mass distributions may relax the constraints [52]. However,
even the detection of a single PBH binary would be extremely powerful for narrowing down our theories
of the early Universe [53], as well as explaining a fraction of the dark matter. XG GW detectors open up
the possibility of detecting very high redshift BBH mergers, which would provide smoking gun evidence
of a primordial origin [54-56].

Assuming a log-normal probability density function for the mass distribution of PBHs,

b (m) = mgl exp{[log(m/mc)Jro.scr} } -

27 202

centred on PBH mass m. = 50 M, with width ¢ = 0.7, the differential merger rate is calculated as [57]

1.6 X 10 53/37 (mlmz)*34/37

dR(my,my,z) = Gpc'y fsuprBH M

M7 () () (1+-2) dmy dma, - (6)

where fq,, is a suppression factor that quantifies the disruption of binaries due to smaller PBHs before
they merge. The fraction fppy = 1.2 X 1072 and the values of m. and o in the mass distribution are
taken so as to conservatively respect current observational constraints. The redshift dependence is para-
metrized by a power-law where o = 1.28 represents a PBH population which is Poisson distributed [57—
60]. To obtain binary PBH source population, the binary component masses m,;,m;, and the redshift

z are sampled from the differential merger rate between 1 — 100 M, and 1 — 100, respectively, with
fixed foup = 1. All population-level results for f,, = 10~ are obtained by rescaling the results of this
population.

Finally, the GWB signal is computed for all of the simulated source populations. The adimensional
spectral energy density Qgws(f) = po ' dp/dInf is employed, in line with similar works in the literature
that aim to assess sensitivity to compact binary backgrounds [23, 61-65]. The spectrum for compact
binaries is defined as [66]

> (7)

B f (2) dE;
088 () = /dz )<dfs
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Figure 1. Detector sensitivity curves used in this study, see section 2.3. The A+ and A# curves are used for the LIGO-India detector
I, ET-10 and ET-15 for ET configurations ET-A and ET-2L, respectively, and CE-40 for the CE facility CE.

—
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where R(z) is the source-frame merger rate per comoving volume and dE,/df; is the binary source-frame
energy spectrum, while p. is the critical energy density of the Universe, and H(z) is the Hubble para-
meter at redshift z. The angle brackets indicate an ensemble average over the population considered,
which is performed here using the popstock [64] code.

2.3. Detector networks

This study considers 15 different XG detector networks, consisting of five XG facility configurations,
namely ET-A, ET-2L, CE, ET-A + CE, and ET-2L + CE, which are studied in isolation or in tandem
with one of two LIGO-India configurations, I+ and I#, using the A+ or A# detector sensitivities,
respectively. The adopted detector sensitivity curves are shown in figure 1 and crucially all detectors are
assumed to operate immediately at their respective design sensitivity. The detector configurations are
specified in appendix A. The following labels are used throughout this study to refer to the networks,
detectors, and sensitivities:

e ET-A: single 10km, triangular interferometer at fiducial ET site in Sardinia, Italy [12], with ET-10
(10 km-xylophone) sensitivity curve in ET10kmcolumns.txt from [67] for each of the three sub-
interferometer;

e ET-2L: two 15km, L-shaped interferometers at fiducial ET sites in Sardinia, Italy and in the Meuse-
Rhine region between the Netherlands, Belgium, and Germany [12], with ET-15 (15km-xylophone)
sensitivity curve in ET15kmcolumns.txt from [68] for both interferometers, the two detectors are
rotated by 45° with respect to each other;

e CE: single 40km, L-shaped interferometer at fiducial CE site in Idaho, USA [13], with CE-40 sensitiv-
ity curve in cosmic_explorer_40km.txt from [69];

e I+ and I#: single 4km, L-shaped interferometer at the LIGO-India site in Maharashtra, India [4],
with A+ sensitivity curve in aplus.txt from [70] or A# sensitivity curve in asharp_strain.txt
from [71], respectively;

While this investigation focuses on LIGO-India, any other current-generation detector—namely LIGO-
Hanford, LIGO-Livingston, Virgo, or KAGRA—would have a similar impact [26] if operated at the stud-
ied sensitivities in tandem with XG detectors. Regardless, with LIGO-India under active construction and
targeting observations to commence in 2030, this facility presents a natural choice for this study.

3. Results

3.1. XG timing
To investigate the impact of timing and coordination of XG detector facilities, particularly the poten-
tial for delays in observation campaigns, figure 2 compares the expected observation times Ty to detect

5
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Figure 2. Comparison of the expected observation times Ty to reach a target of Ny, = 10 BBH (top) and BNS (bottom) sig-
nals satisfying three different thresholds for SNR py,, sky area 4, relative luminosity distance error (ADy /Dy ), comoving
error volume Vy,, post-merger SNR ppm, i, early-warning SNR pey,tm, and sky area eyt For each of these, three thresholds are
considered and indicated with different marker shapes. The solid, horizontal lines represent the timelines for the base detect-

ors (CE atop and ET beneath) and the combined network (center) to reach the targets; in addition to the impact of potential
observation delays of 1 (dashed), 3 (dashed-dotted), 6 (dotted), and 9 (loosely dotted) months. Targets that are either completed
within 0.01yr or that cannot be reached within 5yr are places in gray boxes. For example, a single L-shaped CE detector would
not be able to detect Ny, = 10 BBHs to within Q, = IOdeg2 («, top left panel) within 5yr, while ET-2L and the joint network
ET-2L + CE would reach this target within two weeks or less than 0.01yr, respectively.

N, = 10 BBH and BNS signals for metrics of interest (i) - (vii) at three target thresholds for the five
studied XG facility configurations of ET and CE, ET-A, ET-2L, CE, ET-A + CE, and ET-2L 4 CE. In
particular, it illustrates the impact of either of the base XG facilities experiencing long-term delays of
Taelay = 1,3,6,9 months within a three-year-long observation campaign. Appendix B presents the respect-
ive values of the plotted observation times. Metrics will be neglected in the discussion below if all net-
works require observation times Typs = 5yr to reach the targeted thresholds, as potential errors in the
extrapolation of the observation time beyond 5 years would make these results unreliable. Appendix C
presents more complete maps of expected observation times T,ps over Ny, € [1,100] for a wide range of
targeted thresholds in the key metrics of interest in this study.

Figure 2 presents the expected observation times T,y as markers along horizontal lines which repres-
ent different detector and network configurations: solid lines signify the base XG configurations, ET-A,
ET-2L, CE, and the two networks, ET-A + CE and ET-2L + CE, combining the ET configurations with
CE. Non-solid lines indicate the observation scenarios in which one of the base XG facilities experiences
long-term delays of 74e.y = 1,3,6,9 months ahead of their observation campaign. The marker colors and

6



10P Publishing

Class. Quantum Grav. 43 (2026) 085008 S Borhanian et al

shapes indicate the metrics of interest and three different target thresholds, respectively. In particular,
each non-solid line begins at a specific time from either the top (CE) or bottom (ET) solid line in each
panel, indicating the time CE or ET operates by themselves, before the other facility turns on after the
delay. Conversely markers will not be present along the non-solid lines if the respective base XG facility
reaches the targeted threshold before the other facility turns on.

The SNR metrics—full signal, BBH post-merger, and BNS early-warning—are the least sensitive in
observation time to such delays and adhere to the most sensitive, operating GW detector facility since
SNRs add as sum of squares. All base XG configurations observe the targeted number of Ny, = 10 signals
satisfying p PP = 100, ppm,m"PH = 20, pi®™ =50, and peym™® = 20 within one month, with ET-A
requiring two for pg,®N® = 50. Thus, months-long observation delays will not affect the realization of
these targets; at least in a significant way. This statement holds for BBHs observed with CE and ET-2L
as well, albeit in a weaker sense, for the higher SNR thresholds of py"*" =300 and ppm m"®" = 60: both
networks require less than three months of observation time to reach the target; ET-A would require up
to five months. The largest impact is seen for the small populations of high-SNR events (pg 5" = 1000,
ppm,thBBH =200, pp,®™ =200, and pey, i, ®N° = 160) which require Ty, = 3yr in all shown XG networks.
The addition of the second XG facility after T4cloy = 0.75yr results in the smallest relative speed-ups for
the observation time which vary across the these high-SNR events in the following ranges: 5.3 — 24 x for
ET-A, 2.9 —5.5x for ET-2L, and 1.2 — 1.6 for CE.

The localization metrics—sky area, relative luminosity distance error, and comoving error volume—
are very sensitive to the number of detectors, particularly at non-colocated sites, in the network. Hence,
both ET-A (effectively two colocated detectors) and ET-2L (two non-colocated detectors) outper-
form the more sensitive, one-detector facility of CE for these metrics: CE alone cannot achieve any
of the target localizations in Qy, and (ADy /Dy )y within 5 years, see also appendix C, while ET-2L
(ET-A\) will see BBH and BNS signals with 45" = 10deg?, (ADy/Dy)a" " = 0.1, QP = 10deg?,
and (ADy /D), = 0.1 approximately ten times every 2 weeks (8 months), 16 h (3 weeks), 1.1 years
(2.5years), and 3 weeks (5 months), respectively. This is in line with previous studies that underlined
how a single XG interferometer alone would not meet many science requirements [12, 23]. The two-
facility networks, ET-A + CE and ET-2L + CE, speed up the observation times by one to three orders
of magnitude, decreasing the observation times for the aforementioned metrics to approximately few
hours, few hours, less than a week, and few days, respectively. In fact, in comparison to the one-facility
configurations, these networks will observe the target of 10 BBH and BNS signals satisfying any of the
investigated sky and distance localization metrics so rapidly that the resulting observation times are fully
governed by the raw, short observation time of the two-facility network in addition to whatever delays
are present in their component facilities; in other words, observation delays are essentially equivalent to
network-wide interruptions for achieving the studied targets for the localization metrics. This statement
softens as the targeted number of signals Ny, becomes of order unity, as statistical fluctuations become
more relevant.

The early-warning sky area Qe for BNSs and comoving volume error Vy,, are particularly poorly
constrained. The single-facility configurations, even ET-2L with its two non-colocated detectors, are
unable to observe Ny, = 10 BBH and BNS signals satisfying any of the targeted thresholds for Qeyn
and Vy, within 5 years while the two-facility networks achieve the targets, Qew’thBNS =10 degz, Vi, BBH =
100 (10) Mpc?, and Vi® = 1000 Mpc?, within 0.66-1.1 years, 1.4 — 1.9 (4.3 with ET-2L + CE) years and
2.1-2.8 years, respectively. Again, delays in the observation times are effectively equivalent to extensions
of the observation campaign.

3.2. Impact of LIGO-india

Figure 3 shows the impact of LIGO-India, in I+ or I# configuration, when operating in tandem with
the five aforementioned XG networks, ET-A, ET-2L, CE, ET-A + CE, and ET-2L + CE. The respective
data is collected across tables B1, B2, and B3. The addition of LIGO-India, even in the more sensitive
A# configuration, has a negligible effect on the expected observation times Tops to reach the targeted
thresholds for the SNR metrics which are dominated by the more sensitive XG detectors in the network
(see [26] for a previous investigation). The same applies to the early-warning sky area Qe for BNS
signals.

The other localization metrics paint the opposite picture: the addition of LIGO-India dramatically
decreases the observation times for the these metrics in the single-facility configurations, ET-A, ET-2L,
and CE. Both BBH and BNS signals see one to two orders of magnitude speed-ups in the observation
times to achieve the targets for the sky area and luminosity distance error metrics. In both cases, the
A# configuration roughly halves the observation times compared to the I+ configuration. The impact
is expectedly less severe for the two-facility networks, ET-A + CE and ET-2L + CE, and of the order of
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Figure 3. Impact of the addition of LIGO-India, either in I+ or I# configuration, to five XG detectors and networks, ET-A,
ET-2L, CE, ET-A + CE, ET-2L + CE, on the expected observation times T to reach a target of Ny, = 10 BBH (left) and BNS
(right) signals satisfying three different thresholds for SNR py,, sky area Q, relative luminosity distance error (ADy/Dy)w, or
comoving error volume Vi, in addition to post-merger SNR ppm i for the BBHs and early-warning SNR pey,, and sky area Qey,eh
for the BNSs.
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Figure 4. Comparison of the expected observation times T to reach a target of Ny, = 1 PBH signal satisfying three different
thresholds for the lower redshift error bound Az, 4, € {30,40,50} at two values for the PBH-formation suppression factor

fsup € {1073, 1} when observed by the three base XG facility configurations, ET-A (right), ET-2L (left), CE (both), and two net-
works, ET-A\ + CE, ET-2L + CE, combining the ET configurations with CE. The solid, horizontal lines represent the timelines
for the base detectors (CE atop and ET beneath) and the combined network (center) to reach the targets. The non-solid lines take
potential observation delays of 1 (dashed), 3 (dashed-dotted), 6 (dotted), and 9 (loosely dotted) months in either base detector
into account, with the respective non-solid, vertical lines indicating the end of the delay. Gray boxes indicate—for each base
detector—the targets that either are completed within 0.01 year or that cannot be reached within 5yr.

10-140% for BBH and 10%-250% for BNS signals. Hence, the impact of a current-generation detector
operating in tandem with an XG network is not negligible in the context of reaching the investigated
science goals, particularly when potential delays in the observation time of XG facilities are considered.

3.3. Discernability of coalescences of PBHs

The redshift at which stellar-mass BBHs merge is one of the key indicators to discern primordial from
astrophysical-origin BBHs [72], as the latter are not expected to merge at redshifts z 2> 30 [73, 74].
Hence, figure 4 presents the expected observation times Tops for detecting at least Ny, = 1 PBH signal
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satisfying Azy ¢ = 30,40, 50 for the lower redshift error bounds at two values for the suppression factor
fsup = {1073, 1}, which captures our uncertainty on how many PBHs that form binaries in the early
Universe are disrupted before merging. In the pessimistic scenario of fy, = 1077, none of the base XG
detector facilities, ET-A, ET-2L, and CE, will be capable of observing even a single PBH signal to be
from Az, > 30 within 5year, requiring joint observation of this population with the ET-CE networks,
ET-A + CE and ET-2L + CE. Excitingly, the results show that with both XG detectors online, a single
PBH binary with redshift Az, 4 > 30 will be detectable within 6 months in ET-2L + CE and within a
year in ET-A + CE. Therefore, any delay in the observation campaign of either ET or CE would directly
translate to an equal delay in achieving a confident detection of a PBH binary based on redshift meas-
urements alone. Even at fy,, = 1, only the two-detector facility ET-2L would be capable of discerning,
almost once a week, if a BBH is merging at redshift z > 30, and thus of primordial origin (see also [12]
for similar conclusions). Figure C3 in appendix C shows that LIGO-India in A# configuration would
enable the triangular ET configuration ET-A to observe Ny, = 1 PBH merger with Az, ¢, = 30, but the
impact is much less pronounced than for the other science metrics as the LIGO-India detector is not
sensitive enough to detect most of the very-high-redshift BBH signals. These results are expected since
the lower redshift error bound Az, , = z(Dy — ADy) directly depends on the luminosity distance error
ADy which, as a localization metric, is very sensitive to the number of detectors in the network.

These results on the discernability of PBH binary mergers appear more optimistic than what has
been found in [72]. This seeming discrepancy is a result of the assumptions made in the underlying
PBH mass distribution, favoring heavy binary systems with louder signals and improved distance/redshift
estimation.

3.4. Sensitivity to power-law stochastic backgrounds
The following observing scenarios relevant to stochastic searches are investigated:

e the ET-2L detectors are online before the CE detector (top left panel of figure 5);
e the ET-A detector is online before the CE detector (top right panel of figure 5);

e A single ET-L detector and the I+ detector are online, followed by a second ET-L (bottom left panel
of figure 5);

e The CE detector and the I+ detector are online, followed by the ET-2L detectors (bottom right panel
of figure 5).

In all these cases, it is assumed that the second detector comes online with a delay of 3N months and
the PI curve is re-computed for each N, with N spanning 0 — 12. This implies each curve should be
interpreted as a total observing time of 3 years, where only a sub-set of detectors were online for the
first 3N months, while the full network is online for 3(12 — N) months.

The first two cases considered highlight the impact of observing a stochastic signal with two or more
XG detectors. Since stochastic searches require at least two detectors with (approximately) uncorrelated
noise to construct the cross-correlation statistic [38, 75, 76], one cannot study the impact of having
a single detector as this would require a significantly different statistic, incompatible with the defini-
tion of PI curves used here (equation (4)); therefore, the case of a single CE detector observing before
being joined by the ET detectors cannot be studied. Here, ET-2L is considered to consist of two detect-
ors with uncorrelated noise, while ET-A to be comprised of two co-located independent detectors with
uncorrelated noise. The latter is an optimistic approximation inspired by [77] and commonly used in the
literature [23].

In the case of ET-2L, the addition of CE to the network moderately impacts the sensitivity to a
stochastic signal; if CE comes online within an observing time of 3 years, the final sensitivity can be
impacted up to a factor of ~5, as shown in the top left panel of figure 5. Conversely, in the case of
ET-A considered here, CE would have a weak impact on the observation, as seen in the top right panel
of figure 5. This difference is due to the fact that the suppression of the signal due to the overlap reduc-
tion function 7y (cf equation (4)) is proportional to the distance between detectors, implying that
co-located yet uncorrelated detectors provide the ideal observing strategy for backgrounds.

The second set of cases considered compare the performance of a hybrid network where an XG
detector is initially observing coherently with a current-generation detector, and subsequently a second
XG detector joins the observing campaign. As in the studies presented above, LIGO India is considered
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Figure 5. Power-law integrated (PI) curves for different XG networks, always considering a first set of detectors are online fol-
lowed by a second detector with a delay of 3N months: the ET-2L detectors, followed by the CE detector (top left); the ET-A
detector, followed by the CE detector (top right); a single ET-L detector and the I+ detector, followed by a second ET-L (bottom
left); the CE detector and the I+ detector, followed by the ET-2L detectors. In all cases, each curve represents a 3 year observa-
tion where the first set of detectors are online for the first 3N months, while the full network is online for 3(12 — N) months. The

dotted lines represent the GWB spectral density QS5 (f) calculated for each CBC population considered here.

for this purpose. After verifying that, in the configurations considered, there is no significant difference
between assuming I+ versus I# sensitivity, only the results for I+ are presented.

As shown in the bottom panels of figure 5, adding a second XG detector to the network has a very
significant impact to the network stochastic sensitivity. In the first case, adding a second ET-L to the
ET-L —I+ network increases the sensitivity by a factor of ~ 50 almost instantly, as seen in the left panel.
In the second case considered, adding ET-2L to the CE+I+ network increases the sensitivity by an order
of magnitude. Similarly to directional studies discussed above, a network with at least two XG detectors
is a substantially different network to one with a single XG, even when operating jointly with current-
generation detectors.

For reference, figure 5 includes the total GWB signals from the three populations considered in this
work, QB (), QBNS (), QBIL(f), calculated as in equation (7). Note that a large portion of the sig-
nals that make up these background spectra will be individually resolvable, hence in a realistic detection
scenario, the relevant stochastic portion of these signals may be the result of signal subtraction or sim-
ultaneously estimated with resolved components, as discussed in [56, 78—85]. Nevertheless, this study
points out that all three of these spectra appear significantly detectable, in the case where at least two
XG detectors are cross-correlated, and population characterisation studies employing the stochastic sig-
nal only may be performed, as suggested in [86]. On the other hand, as seen in Figure 5, a single XG
detector correlated with a 2G detector is likely to detect the louder BBH background but would not be
able to measure the neutron star and primordial signals.

4, Conclusions

In summary, purely SNR-dependent quantities are not affected, or only very marginally, by the timings
of XG GW detector facilities within a network. A single XG facility will quickly deliver most of the sci-
ence output that revolves around those targets. This includes studies aimed at constraining the observed
populations of compact binaries [33], as well as testing GR via e.g. black-hole spectroscopy [12, 87, 88].
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On the other hand, long-term delays in or asynchronous operation of the component facilities should be
expected to significantly impact observation campaigns for any quantities in GW astronomy that strongly
correlate or depend on the localization metrics, sky area and luminosity distance error. Crucially, this
includes all multi-messenger applications, although modern, innovative optical telescopes such as the
Vera C. Rubin Observatory could help mitigate the impact of delays to some degree, see [89]. In these
cases, the observation times Tops for networks containing both ET and CE configurations are orders of
magnitude shorter than for networks with only one XG facility and any delay in the observation cam-
paign of one of the component facilities is equivalent to a network-wide interruption for these metrics.
Moreover, some configurations, notably those consisting of a single XG detector alone, would not be able
to meet some of the related science requirements.

The addition of LIGO-India, in either the I+ or I# configuration, while distinctly less sensitive
than the XG facilities, presents a significant opportunity for softening the impact of such delays in the
XG detector facilities, particularly for the strongly affected localization metrics. As expected and well
understood [26], the addition of LIGO-India in either configuration would have negligible impact on
the SNR metrics which will be dominated by the XG facilities. These conclusions would likely hold for
any other of the existing detectors, if kept online while the XG networks commence observations and if
operated at the investigated sensitivities.

Only primordial stellar-mass black holes are expected to merge at redshifts z 2> 30 and thus a con-
fident detection at redshifts beyond that threshold would serve as evidence for PBHs. The results of this
study show that this metric requires at least two XG detectors in the network, ET-2L ET-A +CE, or
ET-2L + CE, to confidently observe and discern that BBH merger events originate from redshifts z > 30.
The addition of LIGO-India in A# configuration would only enable the ET-/A configuration to observe
a few PBH merger events at such high redshifts. However, even the detection of a single PBH binary
would bring about a paradigm shift in the fields of dark matter and early-Universe cosmology.

Finally, the impact of different hybrid networks on the detectability of a stochastic signal was
assessed. In particular it was shown that having at least two XG facilities online at the same time con-
siderably accelerates detection and characterisation of GW backgrounds, including signals from different
compact binary populations.

This study has several limitations. First and foremost, the Fisher information formalism is not as
robust as full Bayesian parameter estimation and therefore single-event statistics can be misleading. This
has been mitigated by focusing on a target of Ny, = 10 signals fulfilling the thresholds per metric and
further through bootstrapping the simulated populations. Further, this study is limited to SNR and local-
ization dependent metrics, discarding intrinsic GW parameters such as black hole or neutron star masses
and spins, spin precession, orbital eccentricity, or neutron star tidal deformability, but also extrinsic phe-
nomenologies concerning cosmology and astrophysical populations [33]. Additionally, the investigation
of facility-wide timing delays does not take into account that the multi-detector ET facilities ET-A and
ET-2L could experience such a delay in a single component detector only; it is implicitly assumed that
the ET commissioning bodies will ensure simultaneous operation of all component detectors. Finally, it
is assumed that all facilities under consideration commence observations at their design or target sens-
itivities. While this is common practice for forecasting studies, it is more relevant in the presented con-
text of timing delays between facilities since the application of very optimistic sensitivity curves from the
onset of observations could exacerbate the impact of such delays, as can be seen in [90].

Taken together, the results of this paper show that a single XG facility can indeed deliver a portion of
the targeted science. However, some of the crucial elements of the XG science case require both ET and
CE. Cooperation is the real key to success for GW astronomy in the coming decades.
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Appendix A. Detector specifications

The exact detector specifications can found in the dictionary at https://gitlab.com/sborhanian/gwbench/-/
blob/master/gwbench/utils.py?ref_type = heads#L81 with the following keys used for the various studied
detector facilities:

e ‘ETSI1’, ‘ETS2’, ‘ETS3’ for the ET-A,

e ‘ETN’ and ‘ETS’ for ET-2L,

e ‘CEA’ for CE,

e T for I+ and I#.

Appendix B. Accompanying tables to the figures

Tables B1, B2, and B3 collect the expected observation times T represented by markers across

Figures 2 and 3 for all studied detector and network configurations, as well as the targeted thresholds for
the SNR, sky area, luminosity distance error, comoving error volume, post-merger SNR, early-warning
SNR, and early-warning sky area metrics.
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Table B1. Companion table for estimated observation times Tops for BBHs collecting the same information as shown across the top row
of figure 2 and the left panel of figure 3. Each entry in the table corresponds to a marker in the figures for detector and network
configurations ET-A, ET-A 4 I+, ET-A + I#, ET-A 4 CE, ET-2L, ET-2L + I+, ET-2L + I#, ET-2L + CE, CE, CE + I+, and

CE + I#.
Pth Qup [deg?] (ADL/DvL)n
TEEH [yr] 100 300 1000 10 1 0.1 0.1 0.01 0.005
ET-A 4 I# 0.0099 0.33 >5 0.0057 0.17 >5 0.00 087 0.55 5
ET-A+ I+ 0.01 0.34 >5 0.013 0.46 >5 0.0013 1 >5
ET-A 0.01 0.35 >5 0.65 >5 >5 0.054 >5 >5
ET-A +CE (f;gap = 0.75) 2.8 0.76 0.98 0.81 1.4
ET-A +CE (fgap = 0.5) 2.6 0.5 0.51 0.72 0.57 1.2
ET-A+CE (fgap = 0.25) 0.26 2.4 0.25 0.26 0.49 0.31 0.9
ET-A 4+ CE (f;;ap = 0.083) 0.12 2.3 0.084 0.091 0.3 0.14 0.77
ET-A 4 CE 0.002 0.048 2.1 0.00 044 0.0077 0.21 0.0003 0.069 0.7
ET-2L + I# 0.005 0.14 >5 0.0018 0.04 1.3 0.00 044 0.18 1.6
ET-2L + I+ 0.0051 0.14 >5 0.004 0.096 24 0.00 054 0.23 1.9
ET-2L 0.0051 0.14 >5 0.034 1.2 >5 0.0018 1.3 >5
ET-2L + CE (f;;ap = 0.75) 2.1 0.75 0.88 0.77 1.1
ET-2L + CE (f,,, = 0.5) 1.9 0.5 0.63 0.52 0.87
ET-2L + CE (fgap = 0.25) 1.7 0.25 0.39 0.28 0.64
ET-2L + CE (fgap = 0.083) 0.1 1.6 0.088 0.21 0.12 0.52
ET-2L + CE 0.0016 0.038 1.5 0.00033 0.005 0.13 0.00 023 0.043 0.44
CE+ I# 0.0029 0.074 2.9 0.015 0.39 >5 0.0043 2.4 >5
CE+ I+ 0.0029 0.075 2.9 0.073 2 >5 0.0088 >5 >5
CE 0.0029 0.076 2.9 >5 >5 >5 >5 >5 >5
CE-+ET-A (fgap = 0.75) 2.4 0.75 0.76 0.98 0.75 0.81 1.4
CE+ET-A (f,,, =0.5) 23 0.5 0.51 072 05 0.57 1.2
CE+ET-A (fgap = 0.25) 2.2 0.25 0.26 0.49 0.25 0.31 0.9
CE+ET-A (f;gap = 0.083) 2.2 0.084 0.091 0.3 0.084 0.14 0.77
CE+ET-A 0.002 0.048 2.1 0.00 044 0.0077 0.21 0.0003 0.069 0.7
CE + ET-2L (f;;ap = 0.75) 1.9 0.75 0.75 0.88 0.75 0.79 1.2
CE + ET-2L (f,,, = 0.5) 1.8 0.5 0.5 063 05 0.54 0.9
CE+ET-2L (fgap = 0.25) 1.6 0.25 0.25 0.39 0.25 0.29 0.67
CE+ ET-2L (fgap = 0.083) 1.5 0.084 0.088 0.21 0.084 0.12 0.52
CE + ET-2L 0.0016 0.038 1.5 0.00033 0.005 0.13 0.00 023 0.043 0.44
Ppm,th Vi [Mpc]
20 60 200 100 10 1
ET-A 4 I# 0.0085 0.39 >5 >5 >5 >5
ET-A + I+ 0.0087 0.41 >5 >5 >5 >5
ET-A 0.0088 0.41 >5 >5 >5 >5
ET-A + CE(f,,, = 0.75) >5 2.6 >5 >5
ET-A + CE (f,,, = 0.5) >5 24 >5 >5
ET-A + CE(f,,, = 0.25) 03 >5 2.1 >5 >5
ET-A + CE (f,,, = 0.083) 0.17 >5 1.9 >5 >5
ET-A +CE 0.0029 0.096 >5 1.9 >5 >5
ET-2L + I# 0.0043 0.15 >5 3 >5 >5
ET-2L + I+ 0.0045 0.15 >5 5 >5 >5
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Pth Qun [degz} (ADL/Dv)
TEEH [yr] 100 300 1000 1 0.1 0.1 0.01 0.005
ET-2L 0.0045 0.15 >5 >5 >5 >5
ET-2L + CE (f,,, = 0.75) >5 2 >5 >5
ET-2L + CE (f,,, = 0.5) >5 1.8 4.7 >5
ET-2L + CE (f,,, = 0.25) >5 L5 4.2 >5
ET-2L + CE (f,,, = 0.083) 0.11 >5 1.4 4.2 >5
ET-2L + CE 0.0022 0.061 >5 1.4 43 >5
CE 4 I# 0.0053 0.2 >5 >5 >5 >5
CE+ I+ 0.0057 0.2 >5 >5 >5 >5
CE 0.0057 0.2 >5 >5 >5 >5
CE+ET-A (f,,, =0.75) >5 2.6 >5 >5
CE+ET-A (f,, =0.5) >5 24 >5 >5
CE+ET-A (f,, = 0.25) >5 2.1 >5 >5
CE+ET-A (f,,, = 0.083) 0.14 >5 1.9 >5 >5
CE+ET-A 0.0029 0.096 >5 1.9 >5 >5
CE +ET-2L (f,,, = 0.75) >5 2 >5 >5
CE +ET-2L (f,,, = 0.5) >5 1.8 4.7 >5
CE +ET-2L (f,,, = 0.25) >5 L5 4.2 >5
CE +ET-2L (f,,, = 0.083) 0.12 >5 1.4 4.2 >5
CE+ET-2L 0.0022 0.061 >5 1.4 43 >5

Table B2. Companion table for estimated observation times Tops for BNSs collecting the same information as shown across the bottom
row of figure 2 and the right panel of figure 3. Each entry in the table corresponds to a marker in the figures for detector and network
configurations ET-A, ET-A + I+, ET-A + I#, ET-A + CE, ET-2L, ET-2L + I+, ET-2L + I#, ET-2L + CE, CE, CE + I+, and

CE + I#.
Pth Qu [deg’] (ADL/Dv)w

TENS [yr] 50 200 400 10 1 0.1 0.2 0.1 0.01
ET-A + I# 0.14 >5 >5 0.32 >5 >5 0.0033 0.048 >5
ET-A + I+ 0.14 >5 >5 0.76 >5 >5 0.0038 0.068 >5
ET-A 0.15 >5 >5 2.5 >5 >5 0.013 0.4 >5
ET-A 4 CE (f,, = 0.75) 2.2 >5 0.76 1.2 >5 >5
ET-A + CE (f,, = 0.5) 2 >5 0.51 0.99 >5 >5
ET-A 4 CE (f,, = 0.25) 1.8 >5 0.27 0.75 >5 0.25 >5
ET-A 4 CE (f,,, = 0.083) 0.092 1.6 >5 0.1 0.58 >5 0.091 >5
ET-A+CE 0.021 1.6 >5 0.017 0.49 >5 0.00 096 0.012 >5
ET-2L + I# 0.06 4.3 >5 0.073 2.6 >5 0.0015 0.017 >5
ET-2L + I+ 0.061 4.3 >5 0.17 >5 >5 0.0017 0.023 >5
ET-2L 0.062 4.3 >5 1.1 >5 >5 0.0033 0.052 >5
ET-2L + CE (fi,, = 0.75) 1.8 >5 0.75 1.1 >5 >5
ET-2L + CE (f,, = 0.5) 1.6 >5 0.51 0.84 >5 >5
ET-2L + CE (fi,, = 0.25) 1.3 >5 0.26 0.56 >5 >5
ET-2L + CE (f,,,, = 0.083) 1.2 >5 0.093 0.4 >5 4.9
ET-2L +CE 0.016 1.2 >5 0.01 0.33 >5 0.00 065 0.0065 5
CE+ I# 0.033 2.3 >5 L5 >5 >5 0.057 2.7 >5
CE+ I+ 0.034 2.3 >5 5 >5 >5 0.11 >5 >5
CE 0.034 2.3 >5 >5 >5 >5 >5 >5 >5
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CE+ET-A (f,,, =0.75) 1.8 >5 0.77 1.2 >5 0.75 0.76 >5
CE+ET-A (f,, =0.5) 1.7 >5 0.52 0.99 >5 0.5 0.51 >5
CE+ET-A (f,, =0.25) 1.6 >5 0.27 0.75 >5 0.25 0.26 >5
CE+ET-A (f,,, = 0.083) 1.6 >5 0.1 0.58 >5 0.084 0.094 >5
CE+ET-A 0.021 1.6 >5 0.017 0.49 >5 0.00 096 0.012 >5
CE +ET-2L (f,,, = 0.75) 1.5 >5 0.76 1.1 >5 0.75 0.76 >5
CE +ET-2L (f,, = 0.5) 1.4 >5 0.51 0.84 >5 0.5 0.51 >5
CE +ET-2L (f,, = 0.25) 1.3 >5 0.26 0.56 >5 0.25 0.26 >5
CE +ET-2L (f,,, = 0.083) 12 >5 0.094 0.4 >5 0.084 0.089 4.9
CE+ET-2L 0.016 1.2 >5 0.01 0.33 >5 0.00 065 0.0065 5
Pewih Qewyin [deg?] Van [Mpe?]
20 80 160 10 1 0.1 1000 100 10

ET-A+I# 0.037 2.4 >5 >5 >5 >5 >5 >5 >5
ET-A + I+ 0.037 24 >5 >5 >5 >5 >5 >5 >5
ET-A 0.037 24 >5 >5 >5 >5 >5 >5 >5
ET-A + CE (fy,, = 0.75) 1 3.2 1.8 >5 >5 4 >5 >5
ET-A + CE (f,, = 0.5) 0.77 3.3 1.5 >5 >5 3.6 >5 >5
ET-A + CE (f,,, = 0.25) 0.54 2.8 1.3 >5 >5 3.3 >5 >5
ET-A + CE (fy,, = 0.083) 0.4 2.7 1.2 >5 >5 2.9 >5 >5
ET-A+CE 0.0075 0.32 2.6 1.1 >5 >5 2.8 >5 >5
ET-2L + I# 0.019 12 >5 >5 >5 >5 >5 >5 >5
ET-2L + I+ 0.019 1.2 >5 >5 >5 >5 >5 >5 >5
ET-2L 0.019 1.2 >5 >5 >5 >5 >5 >5 >5
ET-2L +CE (f,, = 0.75) 0.85 2.7 1.3 >5 >5 2.8 >5 >5
ET-2L + CE (f,, = 0.5) 0.65 2.5 1.1 >5 >5 2.5 >5 >5
ET-2L + CE (f,,, = 0.25) 0.46 2.4 0.9 >5 >5 2.4 >5 >5
ET-2L + CE (f,, = 0.083) 0.33 22 0.77 >5 >5 2.2 >5 >5
ET-2L 4 CE 0.006 0.27 22 0.66 >5 >5 2.1 >5 >5
CE+ I# 0.011 0.48 3.7 >5 >5 >5 >5 >5 >5
CE+ I+ 0.011 0.48 3.7 >5 >5 >5 >5 >5 >5
CE 0.011 0.48 3.7 >5 >5 >5 >5 >5 >5
CE+ET-A (f,, =0.75) 2.8 1.8 >5 >5 4 >5 >5
CE+ET-A (f,, =0.5) 2.8 1.6 >5 >5 3.6 >5 >5
CE+ET-A (f,, =0.25) 0.4 2.7 1.3 >5 >5 3.3 >5 >5
CE+ET-A (f,,, = 0.083) 0.36 2.6 1.2 >5 >5 2.9 >5 >5
CE+ET-A 0.0075 0.32 2.6 1.1 >5 >5 2.8 >5 >5
CE +ET-2L (f,,, = 0.75) 24 1.4 >5 >5 2.8 >5 >5
CE +ET-2L (f,,, = 0.5) 2.4 1.2 >5 >5 2.5 >5 >5
CE +ET-2L (f,,, = 0.25) 0.37 2.4 0.94 >5 >5 2.4 >5 >5
CE +ET-2L (f,,, = 0.083) 0.31 22 0.77 >5 >5 2.2 >5 >5
CE+ET-2L 0.006 0.27 22 0.66 >5 >5 2.1 >5 >5
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Table B3. Companion table for estimated observation times Tops for BNSs collecting the same information as shown across figures 2
and 3. Each entry in the table corresponds to a marker in the figures for detector and network configurations CE + ET-A,
CE+ ET-A + I+, CE+ET-A + I#, CE 4+ ET-2L, CE + ET-2L + I+, and CE + ET-2L + I#.

Pth Qm [degz} (ADv/Dr)w
TEEH [yr] 100 300 1000 10 1 0.1 0.1 0.01 0.005
CE+ET-A 0.002 0.048 2.1 0.00 044 0.0077 0.21 0.0003 0.069 0.7
CE+ET-A + I+ 0.002 0.048 2.1 0.00033 0.0049 0.14 0.00028 0.062 0.66
CE+ET-A +I# 0.002 0.047 2.1 0.00028 0.0033 0.081 0.00027 0.054 0.63
CE+ET-2L 0.0016 0.038 L5 0.00033 0.005 0.13 0.00023 0.043 0.44
CE+ET-2L+ I+ 0.0016 0.038 15 0.00028 0.0037 0.1 0.00 022 0.039 0.4
CE+ ET-2L + I# 0.0016 0.038 L5 0.00 023 0.0026 0.062 0.00021 0.036 0.38
Ppm,th Vin [MPCS}
20 60 200 100 10 1
CE+ET-A 0.0029 0.096 >5 1.9 >5 >5
CE+ET-A + I+ 0.0029 0.096 >5 L5 43 >5
CE+ET-A +I# 0.0028 0.093 >5 1.2 33 >5
CE+ET-2L 0.0022 0.061 >5 1.4 43 >5
CE+ET-2L + I+ 0.0022 0.06 >5 1.2 3.7 >5
CE+ ET-2L + I# 0.0021 0.057 >5 1 2.8 >5
Pih Qup [deg’] (ADL/Dv)m
TS [yr] 50 200 400 10 1 0.1 0.2 0.1 0.01
CE+ET-A 0.021 1.6 >5 0.017 0.49 >5 0.00 096 0.012 >5
CE+ET-A+ I+ 0.021 1.6 >5 0.0087 0.27 >5 0.00 086 0.0091 >5
CE+ET-A+T# 0.021 1.4 >5 0.0048 0.14 5 0.00081 0.008 >5
CE+ET-2L 0.016 1.2 >5 0.01 0.33 >5 0.00 065 0.0065 5
CE+ET-2L+ I+ 0.016 1.2 >5 0.0063 0.19 >5 0.00 062 0.0054 43
CE+ET-2L + I# 0.016 1.2 >5 0.004 0.12 3.7 0.00058 0.0049 43
Pewith Qewin [deg’] Van [Mpc’]
20 80 160 10 1 0.1 1000 100 10
CE+ET-A 0.0075 0.32 2.6 1.1 >5 >5 2.8 >5 >5
CE+ET-A + I+ 0.0075 0.32 2.6 1 >5 >5 2.1 >5 >5
CE+ET-A +I# 0.0075 0.32 2.6 1 >5 >5 1.7 >5 >5
CE+ET-2L 0.006 0.27 2.2 0.66 >5 >5 2.1 >5 >5
CE+ET-2L + I+ 0.006 0.27 2.2 0.66 >5 >5 1.6 >5 >5
CE+ET-2L + I# 0.006 0.27 2.2 0.63 >5 >5 1.4 >5 >5
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Appendix C. Full observation time maps

Figures C1, C2, and C3 present full maps of Ny, against a range of threshold values for all the studied
metrics for BBH, BNS, and PBH mergers: the SNR py,, sky area Qy,, relative luminosity distance error
(ADy /Dy ), comoving error volume Vi, post-merger SNR pp i, for BBHs, early-warning SNR. peyh
and early-warning sky area (e, for BNSs, and the lower redshift error bound Az, ¢ for PBHs. The
maps are binned into eight human-experiment-scale time frames, with the nineth bin corresponding to
observation times exceeding five years.
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Figure C1. Maps of expected observation times Tops to reach a target of at least Ny, BBH signals satisfying a threshold for SNR
Pun» post-merger SNR ppm i, sky area Qy,, relative luminosity distance error (ADy /Dy) g, or comoving error volume Vy,,
observed with 15 different XG, ground-based GW detector networks. Quantities Ny, pth» Ppm,th and Qp, (ADL/DL)wh, Vin
represent lower and upper thresholds, respectively. The observing time Typs is calculated for a fiducial cosmic merger rate of

R = 10°yr—! and is binned into eight human-experiment-scale time frames, with the nineth bin corresponding to observation
times exceeding five years. The merger events are Poisson-distributed and 100-fold bootstrapped from 10° simulated signals.
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Figure C2. Maps of expected observation times Tops to reach a target of at least Ny, BBH signals satisfying a threshold for SNR
Pih» early-warning SNR peyn, sky area Qu,, early-warning sky area Qe relative luminosity distance error (ADy /Dy )y, or
comoving error volume Vi, observed with 15 different XG, ground-based GW detector networks. Quantities N, Pth> Pewth
and Q, Qewth, (ADL/Dy ), Vi represent lower and upper thresholds, respectively. The observing time Tops is calculated for a
fiducial cosmic merger rate of R = 10°yr—! and is binned into eight human-experiment-scale time frames, with the nineth bin
corresponding to observation times exceeding five years. The merger events are Poisson-distributed and 100-fold bootstrapped

from 10° simulated signals.
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Figure C3. Maps of expected observation times Tops to reach a target of at least Ny, PBH signals satisfying varying thresholds

for the lower redshift error bound Azy g, at two values for the PBH-formation suppression factor fyp € {1073, 1}, observed
with 15 different XG, ground-based GW detector networks. The observing time Tops is calculated for a fiducial cosmic merger
rate of R = 2 x 10° yr~! and is binned into eight human-experiment-scale time frames, with the nineth bin corresponding to
observation times exceeding five years. The merger events are Poisson-distributed and 100-fold bootstrapped from 10¢ simulated
signals. The red marker indicates the corresponding positions, Ny, = 1 and Azy 4, = 30 corresponding to figure 4.
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