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Abstract

The most promising variation of the standard siren technique combines gravitational-wave (GW) data for binary
neutron star (BNS) mergers with redshift measurements enabled by their electromagnetic (EM) counterparts, to
constrain cosmological parameters such as Hy, €2,,, and wy. Here we evaluate the near- and long-term prospects of
multimessenger cosmology in the era of future GW observatories: Advanced LIGO Plus (A+, 2025), Voyager-like
detectors (2030s), and Cosmic Explorer-like detectors (2035 and beyond). We show that the BNS horizon distance
of =700 Mpc for A+ is well matched to the sensitivity of the Vera C. Rubin Observatory (VRO) for kilonova
detections. We find that one year of joint A+ and VRO observations will constrain the value of H to percent-level
precision, given a small investment of VRO time dedicated to target-of-opportunity GW follow-up. In the Voyager
era, the BNS—kilonova observations begin to constrain €2, with an investment of a few percent of VRO time. With
the larger BNS horizon distance in the Cosmic Explorer era, on-axis short gamma-ray bursts (SGRBs) and their
afterglows (though accompanying only some of the GW-detected mergers) supplant kilonovae as the most
promising counterparts for redshift identification. We show that five years of joint observations with Cosmic
Explorer-like facilities and a next-generation gamma-ray satellite with localization capabilities similar to that
presently possible with Swift could constrain both €2, and wy to 15%—-20%. We therefore advocate for a robust
target-of-opportunity (ToO) program with VRO, and a wide-field gamma-ray satellite with improved sensitivity in
the 2030s, to enable standard siren cosmology with next-generation gravitational-wave facilities.
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1. Introduction

Although the field of cosmology has advanced dramatically
over the past several decades, a number of puzzles and tensions
have been identified that may challenge the standard A cold
dark matter (ACDM) paradigm. Among these are differences in
the Hubble constant H, as measured from the cosmic
microwave background by Planck (Planck Collaboration
et al. 2020) and as determined from nearby Type Ia supernovae
(SNe; Riess et al. 2019), a tension which has now formally
reached Z40 (Riess 2019; however, see Freedman et al. 2019).
Similarly, a 5.3¢ tension with the Planck H,, value was recently
found from lensed quasars (Wong et al. 2020). Although this
difference could in principle be related to unmodeled
systematics, it could also hint at new physics (e.g., Knox &
Millea 2020). Likewise, dark energy remains almost as much of
a mystery as when it was first discovered, and probing its
nature remains a primary goal of ongoing and future surveys
such as the Dark Energy Spectroscopy Instrument (DEST; DESI
Collaboration et al. 2016), the Nancy Grace Roman Space
Telescope (Roman Space Telescope; Dore et al. 2019), CMS-
S4 (Abazajian et al. 2019), and the Vera C. Rubin Observatory
(VRO; Ivezi¢ & Kahn et al. 2019).

Even with the advent of new cosmology experiments over
the next decades, there is clearly a need for new and
independent methods to probe the cosmic expansion history.
One promising approach is the “standard siren” technique

(Schutz 1986; Holz & Hughes 2005; Nissanke et al. 2011;
Chen et al. 2018; Feeney et al. 2019), in which gravitational
waves (GWs) from a source of known strength are used to
obtain an absolute distance scale, which is then combined with
redshift information obtained from an associated electro-
magnetic (EM) counterpart.” In practice, the most promising
standard siren sources with ground-based GW detectors are the
mergers of binary neutron stars (BNS), or of a neutron star with
a stellar-mass black hole (NS-BH), as these sources generate
luminous GWs and can give rise to detectable EM emission
(e.g., Metzger & Berger 2012; Berger 2014).

Prospects for this technique are promising, and have been
validated by GW170817, the first BNS merger detected by
Advanced LIGO-Virgo (Abbott et al. 2017d) with an
associated EM counterpart (Abbott et al. 2017¢c, 2017e). In
particular, the discovery of optical kilonova emission about 11
hr after the merger (e.g., Coulter et al. 2017; Soares-Santos
et al. 2017; Pian et al. 2017) enabled an immediate
identification of the host galaxy, NGC4993. The redshift of
the host combined with the GW luminosity distance of
GW170817 led to a measurement of Hy= 70"}

7 Although GW events alone (without EM counterparts), or in conjunction
with galaxy survey statistics, can also provide a probe of the cosmic expansion
history (e.g., “dark sirens”; Chen & Holz 2016; Chen et al. 2018; Soares-Santos
et al. 2019; Fishbach et al. 2019), such techniques are not the focus of this
Letter.
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kms~' Mpc~" (Abbott et al. 2017a; Guidorzi et al. 2017). This
value is consistent with both the Type Ia SN and Planck values
of H,, but is not sufficient to arbitrate between them. Additional
joint GW-EM events are needed to reduce the statistical
uncertainty.

By the mid-2020s, the current LIGO facilities are expected
to surpass the nominal design of the second-generation GW
detector and achieve a better sensitivity known as “A+”
(Abbott et al. 2016). With these second-generation GW
detectors, percent-level uncertainty in H, could be achieved
with ~50 joint GW-EM detections (Chen et al. 2018). In the
2030s different possible GW detector upgrades are under
current consideration, including an optimal upgrade of the
LIGO facilities, known as “Voyager,” and new facilities such
as the Einstein Telescope (ET) and Cosmic Explorer (CE;
Abbott et al. 2017b). By extending the range of BNS detections
beyond the local Hubble flow, the standard siren technique
becomes sensitive to additional cosmological parameters. With
ET, for example, it is estimated that a few percent uncertainty
in Q,, and w, can be achieved with~10° joint GW-EM
detections (Sathyaprakash et al. 2010; Zhao et al. 2011; Cai &
Yang 2017).

Despite this great promise, the practical path to achieving a
large number of joint GW—EM detections is unclear and has
not been fleshed out in great detail. Given the allowed
volumetric BNS merger rate inferred by present LIGO/Virgo
observations of ~80-810 Gpc > yr~' (Abbott et al. 2020),
events as close as GW170817 may occur as infrequently as
once per decade. Otherwise similar sources at a greater distance
will be dimmer electromagnetically and, given the much larger
number of galaxies per error region, will require a different
approach to discovering the EM counterpart than most follow-
up efforts employed for GW170817. Furthermore, for events
with poor sky localization, the kilonova emission will be much
more challenging to discover, as evidenced by follow-up
observations in Observing Run 3 (Gomez et al. 2019;
Hosseinzadeh et al. 2019; Andreoni et al. 2020; Vieira et al.
2020; Ackley et al. 2020; Antier et al. 2020). This motivates
the use of target-of-opportunity observations with VRO, whose
unparalleled survey speed and sensitivity would make it the
ideal tool for GW-EM astronomy in the 2020s and beyond
(e.g., Margutti et al. 2018a; Cowperthwaite et al
2019b, 2019a).

Even so, in the Voyager and CE/ET eras, we expect that the
BNS merger sensitivity range will challenge even the VRO’s
capabilities for kilonova detections. Fortunately, a small
fraction of BNS mergers (those viewed roughly on-axis) are
expected to be accompanied by a more luminous EM
counterpart, namely, SGRBs and their associated afterglows,
which are detectable to redshifts of z > 1 (Berger 2014). To
date, the vast majority of SGRB afterglow, host galaxy, and
redshift identifications were enabled by the the Neil Gehrels
Swift satellite, which is capable of detecting the early X-ray
afterglow with a localization of a few arcseconds. As we
demonstrate here, this approach may become the method of
choice for joint GW-EM detections at z = 0.5.

In this Letter, we explore the prospects for standard siren
cosmology in the era of LIGO A+ and for subsequent
generations of GW detectors. Distinct from past work on this
topic, we focus not only on the precision achievable given a
number of joint detections, but also on what is practical to
achieve with EM follow-up given planned or conceivable
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Figure 1. Schematic timeline of existing (solid), funded (hatched), and
proposed (open) GW and EM facilities over the next three decades. Swift
+/Swift++ are hypothetical future gamma-ray satellites (see Section 2)

ground- and space-based telescope facilities. Indeed, as we
show, given the substantial commitment of EM resources that a
serious standard siren program would entail, future planning for
such a program is warranted now.

The Letter is structured as follows. In Section 2 we describe
our assumptions about the capabilities of existing and future/
proposed GW and EM facilities, and define several scenarios
that combine these facilities to jointly observe BNS mergers
and obtain their redshifts. In Section 3 we describe Monte
Carlo simulations of a large sample of BNS mergers to address
the achievable precision of cosmological parameters for each
scenario. In Section 4 we describe our simulation results.
Finally, in Section 5 we synthesize our findings and use them to
make specific recommendations for a long-term program of
multimessenger standard siren cosmology.

2. GW and EM Facilities

In Figure 1 we show a rough schematic timeline of active,
proposed, and envisioned GW and relevant EM facilities in the
next three decades. In this section we describe our assumptions
about the reach of current or planned facilities, and define
example programmatic choices regarding the GW events that
could be followed up with a given EM technique. As
summarized in Table 1, and discussed in detail below, we
define several distinct “scenarios” that involve particular
combinations of GW and EM facilities. In subsequent sections
we assess how well each of these scenarios constrain
cosmological parameters.

We first consider the GW observatories. We assume a
network that includes LIGO-Hanford, LIGO-Livingston, and
Virgo, upgraded from their capabilities at the end of the
Advanced observing runs. We use the projected A+, Voyager,
and CE strain sensitivities from https://dcc.ligo.org /LIGO-
T1500293-v11/public, and all three LIGO-Virgo detectors are
assumed to operate with the same sensitivities (even in the CE
era). We assume 50% duty cycle for simultaneous operation of
all three detectors, motivated by the recent O1/02 runs (Abbott
et al. 2019). The KAGRA (Kagra Collaboration et al. 2019)
and LIGO-India observatories are not directly included in our
simulations.® Although the locations, numbers, and sensitivities
of future detectors are still not known, our basic scenario

8 Due to the duty cycle, detections made by four or five detectors are less
common. Although we only include LIGO-Hanford, LIGO-Livingston, and
Virgo in our simulations, we expect the results will be similar to the three-
detector detections made in a five-detector network including KAGRA and
LIGO-India.
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Table 1

Joint GW-EM Observing Scenarios
Counterpart GW (Rgw)* VRO Int. Time/Gamma-Ray Telescope (Dp1im)® Jobs: fmdegzd Now/Em® Fovs'
KN A+ (410 Mpc) VRO 30 s (575 Mpc) 0.4 0.8 12 0.0008
KN Voyager (1020 Mpc) VRO 30 s (575 Mpc) 0.4 0.8 28 0.002
KN Voyager (1020 Mpc) VRO 300 s (1250 Mpc) 0.4 0.7 114 0.06
KN Voyager (1020 Mpc) VRO 1800 s (2250 Mpc) 0.4 0.6 144 0.48
KN CE (1.284 Gpc) VRO 30 s (575 Mpc) 0.4 1.0 39 0.003
KN CE (1.284 Gpc) VRO 300 s (1250 Mpc) 0.4 0.95 321 0.18
KN CE (1.284 Gpc) VRO 600 s (1550 Mpc) 0.4 0.95 572 0.6
KN CE (1.284 Gpc) VRO(+) 1800 s (2250 Mpc) 0.4 0.9 300(1425) 1(4.75)
GRB A+ (410 Mpc) Swift (3 Gpc) 0.03 N/A 0.07 <l
GRB A+ (410 Mpc) Swift+ (3 Gpc) 0.15 N/A 0.35 <l
GRB Voyager (1020 Mpc) Swift (3 Gpc) 0.03 N/A 1 <1
GRB Voyager (1020 Mpc) Swift+ (3 Gpc) 0.15 N/A 5 <l
GRB CE (1.284 Gpc) Swift (3 Gpc) 0.03 N/A 3 <1
GRB CE (1.284 Gpc) Swift+ (3 Gpc) 0.15 N/A 16 <1
GRB CE (1.284 Gpc) Swift4++ (5.6 Gpc) 0.15 N/A 91 <l
Notes.

# Distance within which half of GW sources are detected (SFR Reach 50; see definition in Chen et al. 2021).
® For KN, distance out to which the detection efficiency is larger than 99% (Figure 2). For GRB, distance out to which the all-sky GRB rate equals Né’(f, JEM fo’bl.
¢ Efficiency of identifying EM counterpart and redshift for events in the joint EM/GW sensitivity volume. In the case of Rubin Observatory this accounts for, e.g., bad
weather or an inaccessible sky position. In the GRB case it accounts for the limited field of view of the gamma-ray detector and inefficiencies in obtaining a redshift

from the afterglow (but not for the jet beaming fraction).

4 Fraction of GW sources within Dy jim that are localized to better than 20 degz.

€ Number of joint GW/EM detections per year.

T Fraction of telescope time dedicated to GW /EM follow-up program. We have assumed 3600 hr total time per year available to the Rubin Observatory and 7900 hr

available to GRB telescopes (>90% duty cycle for orbit similar to Swift).

provides a reasonable approximation of the expected
landscape.

On the EM side, we consider two types of counterparts to
BNS mergers: kilonovae and SGRBs. Kilonovae are optical/
infrared transients, lasting a few days to a few weeks, that are
powered by the radioactive decay of r-process nuclei
synthesized in the merger ejecta (e.g.,.Metzger et al. 2010;
Ascenzi et al. 2019; Rossi et al. 2020). The kilonova signal is
expected to be relatively isotropic (however, see, e.g., Kasen
et al. 2015; Fontes et al. 2020; Darbha & Kasen 2020). For
simplicity, in our estimates of the EM detection horizon below,
we assume that all kilonovae exhibit light curves identical to
GW170817 (e.g., Cowperthwaite et al. 2017; Villar et al.
2017), independent of the binary inclination. In actuality, some
diversity in the kilonova properties is expected (e.g., Margalit
& Metzger 2017) and hinted at by observations (e.g., Gompertz
et al. 2018; Fong et al. 2021). However, we leave a detailed
study of variations in the kilonova properties to future work.”

VRO is the most promising facility for kilonova follow-up in
the 2020s. Survey operations are expected to begin by
2022-2023 with the main science survey lasting at least 10
years (Ivezi¢ & Kahn et al. 2019). For this work, we consider a
target-of-opportunity follow-up program similar to those
described in Margutti et al. (2018a) and Cowperthwaite et al.
(2019b). In particular, we consider a program using only two
filters to minimize the observing time requirement while still
providing color information for efficient kilonova identification
(Cowperthwaite & Berger 2015; Margutti et al. 2018).

° Once the mapping between GW and EM properties is better understood, one
can envision an observing program that selects particular GW events for
follow-up based on the expected kilonova properties (e.g., Margalit &
Metzger 2019).

We define several distinct observing scenarios for the
allocation of VRO time, based on the assumed integration
time per pointing (Table 1). These range from “VRO 30s”
scenarios requiring modest time allocations, to “VRO 1800s”
scenarios that in the Voyager/CE era (i.e., following the
completion of the decade-long VRO) would take up a
considerable fraction of the entire VRO science time. Our
VRO 30s scenario adopts 30 s exposures, similar to the VRO
main science survey. Our “VRO 300s,” “VRO 600s,”, and
VRO 1800s scenarios assume 300, 600, and 1800 s exposures,
respectively. Simulated observations for these scenarios were
conducted using the procedure outlined in Cowperthwaite et al.
(2019b). In Figure 2 we show the resulting kilonova detection
efficiency as a function of distance. With the detection
efficiency for each scenario we define a limiting EM observing
distance, Dy jim, as the luminosity distance out to which the
detection efficiency is larger than 99%. Also shown for
comparison are BNS merger detection ranges of various GW
observatories (defined as the distance inside which half of GW
detections take place assuming a source rate following the
global star formation history; Chen et al. 2021).

Our kilonova follow-up scenarios assume three epochs of
VRO observations in two filters. We focus on events with sky
localizations of <20 deg?, to minimize the number of required
telescope pointings to four. We estimate the fraction of such
GW events through simulations following Chen & Holz (2017)
and find f>0dee ~0.6 — 0.95 for different GW instruments and
cuts on source distance (Table 1). '° We also assume 2 minutes
of overhead for filter changes and negligible overhead for slew
time and CCD readout. Finally, taking into account sky

19 We note that having KAGRA and LIGO-India in the network will change
the fraction a bit.
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Figure 2. Kilonova detection efficiency with VRO for “VRO 30s” (30 s
exposure), “VRO 300s” (300 s), “VRO 600s” (600 s), and “VRO 1800s” (1800
s) observing scenarios. Vertical lines show the SFR Reach 50 detection range
of A+ and Voyager, namely, the distance interior to which 50% of detections
occur for a BNS source population following the cosmic star formation history
(Chen et al. 2021).

accessibility and weather and observing conditions, we
estimate that only a fraction of f,,s~ 0.4 of the detectable
BNS merger population will have their counterparts and
redshifts determined (Margutti et al. 2018).

We note that a promising facility for space-based observa-
tions of kilonovae is the Nancy Grace Roman Space Telescope
(Roman Space Telescope, formerly WFIRST; Dore et al.
2019), which is expected to launch in the late 2020s with a
planned 5 year mission. In particular, the Roman Space
Telescope will facilitate near-infrared (NIR) observations of
kilonovae, probing regions of the spectral energy distribution
(SED) that are potentially difficult to observe from ground-
based facilities (see, e.g., Foley et al. 2019). This capability is
also crucial for obtaining observations of distant or strongly
reddened kilonovae that are otherwise undetectable by
telescopes like the VRO.

In contrast to kilonovae, SGRBs and their associated
afterglows are much more luminous, but the emission is
relativistically beamed into a narrow solid angle fraction
fy =1 — cos6;, such that BNS mergers are detectable only
when the binary inclination angle, ¢, is smaller than the jet half-
opening angle, §;, namely ¢ < 6; or ¢ 2 m — 0;. Here we assume
the directions of the jets are ahgned with the binary orbital
angular momentum. Motivated by observations of SGRBs, we
assume all BNS mergers produce GRB jets with'' ,=10°
(Berger 2014). leen our assumed local BNS rate of
R(z = 0) =300 Gpc ' (Section 3), the predlcted local
SGRB rate is thus ﬁ,R(z =0)~5 Gpc  yr ', broadly
consistent with SGRB observations (Wanderman &
Piran 2015). While relativistic beaming reduces the number
of joint SGRB-GW events, these events are of a higher quality
for standard siren cosmology than joint kilonova—GW events
because the inclination angle of the binary will be tightly
constrained (o, ~ 6; ~ 10°) thereby reducing the uncertainty of
the luminosity distance from the GW data (Chen et al. 2019).

A]though GW170817 was detected via its gamma-ray emission (Goldstein
et al. 2017; Savchenko et al. 2017) at an inclination angle of 26; ~ 20-25°
(e.g., Margutti et al. 2017; Alexander et al. 2017), its gamma-ray lummosny
was so suppressed that the same event would not be detectable at the much
larger distances of GW-detected mergers in the A+ era and beyond, even with
next-generation gamma-ray telescopes.

Chen et al.

To date, most SGRB redshifts have been obtained for events
localized with the Swift/XRT (Berger 2014). Our baseline
SGRB scenarios therefore consider a gamma-ray satellite with
capabilities similar to that of Swift. This satellite could
represent Swift itself while still operational, or a mission with
comparable capabilities that flies over the next decade or longer
(e.g., the Chinese-French satellite SVOM; Cordier et al. 2015).
Based on the current success rate of redshift determination with
Swift, we assume that redshifts will be obtained for a fraction
=03 of detected SGRBs. Furthermore, the field of view
(FOV) of Swift/BAT is 1.4 steradians, corresponding to an all-
sky fraction fy,=0.11. Thus, even assuming every BNS
merger produces an SGRB for observers within the beaming
cone, only a fraction fops = f, X fuy =~ 0.03 of those events will
have their redshifts determined. The detection range of a Swift-
like satellite (Dy jim in Table 1) is estimated as the distance out
to which the total SGRB rate equals the detection rate of Swift
of about 10 SGRBs per year (e.g., Burns et al. 2016).

Several next-generation gamma-ray satellites are under
consideration that could improve upon the capabilities of Swift
(e.g., Camp & Team 2019; McEnery et al. 2019). Thus, in the
era of Voyager/CE we consider scenarios employing a Swift-
like mission but with improved capabilities. We define “Swift
+” as a gamma-ray/X-ray satellite with similar sensitivity and
localization capability to Swift, but with a larger FOV covering
50% of the sky (leading to fy,s =0.15), i.e., similar to the
Fermi/GBM FOV but with XRT localization capability.

Even if future gamma-ray satellites do not possess a rapid-
slewing X-ray telescope similar to Swift/XRT, a redshift
determination could in principle be enabled by detection of the
optical afterglow either on board or from ground-based follow-
up (e.g., with VRO; see Section 5). We further define a more
ambitious future mission “Swift++,” which may overlap with
CE in the 2040, that has both the same large FOV of Swift+
and greater sensitivity, thus increasing the SGRB detection rate
by a factor of 6 (similar to the capabilities of the proposed
AMEGO satellite; McEnery et al. (2019). We note that the
proposed THESEUS satellite with a different design will also
lead to a factor of a few more SGRB detections; Amati et al.

2018).

3. Simulations

We consider a population of BNS mergers with a local
volumetric rate of R(z = 0) = 300 Gpc_3 yr -, close to the
median of the observed rate by LIGO-Virgo (Abbott et al.
2020) and in line with the beaming-corrected SGRB rate (e.g.,
Fong et al. 2017). We assume that the BNS rate tracks the
global star formation at z > 0 (Madau & Dickinson 2014), as
supported by the host galaxy properties of SGRBs (Ber-
ger 2014). Under these assumptions, the predicted total
detection rates of BNS mergers by A+, Voyager, and ET are
about 50, 600, and 3.5 x 10* yr ™', respectively.

For each scenario considered in Table 1 we begin with
10* 1.4M.~1.4M_, nonspinning BNS detection simulations
using the IMRPhenomPv2 waveform (Husa et al. 2016; Khan
et al. 2016). A GW detection threshold is set at a network
signal-to-noise of 12. We use the standard cosmology from
Planck, with Hy=0.679, ©,,=0.3065, ,=0, and w=—1
(Planck Collaboration et al. 2016), and adopt a flat wCDM
(Q = 0) model. We then randomly select Ngw /gy number of
events specified in Table 1 for the standard siren measurement
described below. We repeat this random selection 20 times and
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report the average and standard deviation of the cosmological
constraints in Section 4.

To estimate the cosmological parameters, we follow the
Bayesian framework of Chen et al. (2020) and use emcee
(Foreman-Mackey et al. 2013) to estimate the posteriors of Hy,
Q,,, and wy. For an event with GW data (Dgw) and EM data
(Dgm), the posterior of (Hy, €2,,, wp) can be written as

p(HO’ Qm’ W|DGW’ DEM) - p(HO7 Qm’ WQ)
[ P@cw®)p@er®)pyon BlHo, Qs w0)dS
X

fpdet((:j)ppop(élHO’ Q. wo)dO

. (D

where © represents all the binary parameters, such as the
masses, spins, luminosity distance (D;), sky location, and
inclination angle (¢), and p(Hy, €2, wo) is the prior probability
density function on the cosmological parameters. All of our
parameter priors are motivated by cosmology results obtained
previously through the standard siren GW technique. We begin
with a 5% Gaussian H, prior centering around the simulated
value, motivated by the precision expected by the A+ era
(Chen et al. 2021). For €2, we apply a flat prior between [0,1],
and for wq a flat prior between [ —2, —0.3]. The population
prior puo, (é|Ho, Qs wo) is the probability density of binaries

with parameters © under our assumption of rate evolution (i.e.,
tracking the global star formation; Madau & Dickinson 2014)
in the universe with parameters (Hy, £2,,, wo).

The detection probability is given by

e () = /f P (Daw|®)p(Deml®)dDawd Den, - (2)

Dgw>GW,
DeM>EMyp
in which the integration is only carried out over data above the
GW and EM detection thresholds, GWy, and EMy,, respec-
tively. In our simulations the thresholds are determined by the
GW network signal-to-noise ratio of 12, the EM observable
distance limit Dy jim, and the range of binary inclination (grp
(only applicable in the SGRB cases).

We assume that when an EM counterpart is detected, the
redshift and sky location of the BNS are precisely determined.
If an SGRB is observed, we assume ¢ is measured with a
Gaussian uncertaintz o, = 10°. Under our assumptions, the GW
likelihood p(Dgw|©) in Equation (1) is reduced to the GW
distance—inclination angle likelihood p (Dgw|D;, ¢) fixed along
the BNS’s sky location. Therefore we can use the rapid GW
distance—inclination angle estimation algorithm developed in
Chen et al. (2019) to simulate the likelihood.

Figure 3 and Table 1 show that the rate of joint GW-EM
detections is substantially smaller than the total GW detection
rate due to limitations imposed by EM capabilities. This is
particularly acute for CE, which can detect BNS mergers to
substantial redshifts. In particular, there are more events than
VRO can reasonably follow up in the CE VRO 1800s scenario.
We scale down the number of events to 300 per year assuming
mature observing strategies will be formulated by then and help
in down-selecting the most impactful mergers. On the other
hand, fewer than one joint GW-GRB detection per year is
expected for the A+ Swift, A+ Swift4+, and Voyager Swift
scenarios, so we eliminate these in the standard siren
simulations.
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Figure 3. Yearly rate of joint GW-EM detections for the various scenarios in
Table 1. For comparison we also show the total number of GW detections by A
+ and Voyager. Due to their low joint-detection rates of < 1 yr~ !, we do not
include the first three SGRB scenarios in our standard siren analysis. We also
cap the number of joint detections in our CE VRO 1800s scenario as marked,
S0 as not to require more than 100% of the available VRO time.

4. Results and Discussion

Our key results are summarized in Figure 4, which shows the
symmetric 68% uncertainties in the parameters (Hy, €2, wg)
achieved for each of our scenarios, assuming one year of joint
GW-EM observations. We focus on one parameter at a time
and marginalize over the other two in the posteriors
(Equation (1)). For the kilonova scenarios, we also show the
required fraction of VRO time for reference with orange bars.'>
Our results for the kilonova scenarios can be summarized as
follows:

1. A+ and Voyager VRO 30s: The events captured in these
scenarios are nearby, so they provide a constraint on Hy
but not on €2, and wy. On the other hand, they require
only a small fraction, <1% of VRO observing time.

2. Voyager VRO 300s and VRO 1800s: The larger distances
of the joint GW-EM detections enabled by the more
substantial investment of VRO time provide appreciable
constraints on (£,,, wo). The number of joint detections
and the results from both scenarios are comparable.
However, VRO 1800s requires 8 times more VRO time
than VRO 300s. The VRO 1800s scenario is essentially
“overkill” because the KN sensitivity distance greatly
exceeds the GW one (Figure 2) and hence the rate of joint
detections is only marginally higher in the VRO 1800s
than in the VRO 300s case (Figure 3).

3. CE VRO 30s: Even with fewer joint events than Voyager
VRO 300s/VRO 1800s, this scenario constrains Hy to a
subpercent level, because CE measures the source
luminosity distances to much greater precision than A
+/Voyager. Given the small number of events, this
scenario requires S1% of VRO time. On the other hand,

12 This is not relevant for the SGRB scenarios since we assume that the SGRB
detection will occur as a part of routine operations.



THE ASTROPHYSICAL JOURNAL LETTERS, 908:L4 (8pp), 2021 February 10

0
LT I SRR [T a oY ST 10
4
[
1]
4 ,10—1-§
— -
X o
< 3 §
£ 107 §
~ [
2 =
t1073 §
1 g
Kilonova ©
GRB w
T T T T T T 1074
0.35 10°
4
0.30 1 [N
,10—1%
0.25 1 5
g
¢ 0.201 S
S £1072 §
0.15 1 °
kS
0.101 710_35
k9]
0.05 ©
w
0.00 T T T T T T 1074
0.6 10°
2
051 «
10
0.4 1 s
Q.
S g
§0.3* *10‘2‘;3
3
0.2 1 ‘G
F1072 5
=1
0.1 1 E
0.0 P S S e S S S 1074
P28 0 2884845t
2 o0 & oo 5w & S
S > ¢ O > xx x O o 9O w ©»n
T 5 > € w > > g 0§ O w
< %5 7 O wuw >3 ©
- 6 >
2 & <
> 8

Figure 4. The symmetric 68% uncertainty of (Hy, €2,,, wo) for each scenario in
Table 1 (H, is reported in fractional uncertainty for comparison to literature).
The error bars show the standard deviation of the uncertainties over 20 repeated
simulations. The orange bars (right vertical axis) indicate the fraction of the
total observing time available to the Rubin Observatory for each kilonova
scenario.

the constraints on (£2,, wy) are comparable to the
Voyager VRO 300s and VRO 1800s scenarios because
CE KN VRO 30s has a limited horizon of about 575 Mpc.

4. CE VRO 300s and VRO 600s: These scenarios lead to
better constraints on (£2,,, wy) compared to the VRO 30s
scenario, but the telescope time needed also become 60
and 200 times higher than the VRO 30s scenario.

5. CE VRO 1800s scenario: After scaling the number of
events down to 300 so as not to exceed 100% of VRO
time, this scenario actually provides worse constraints
than the VRO 600s scenarios due to a reduction in the
number of events. The VRO 1800s scenario is overkill
since the events at 2 Gpc do not provide more constraints
than events within 1.5 Gpc observed in the VRO 600s
scenario.

Our results for the SGRB scenarios (with 21 joint detection per
year) can be summarized as follows:
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1. Voyager Swift+: Even with only a few GRBs, the
constraint obtained on (2, is comparable to the Voyager
VRO 300s and VRO 1800s scenarios. This is mainly
because the luminosity distance uncertainty is reduced
due to constraints on the binary inclination from the
SGRB detection. However, due to the lack of nearby
events given the lower number of events, the constraint
on H, only marginally improves over the prior.

2. CE Swift and Swift+: Similarly, only a few SGRB events
are sufficient to achieve comparable precision on ({2,
wp) measurement as the CE VRO 600s or VRO 1800s
scenarios. In addition to the benefit of the inclination
angle constraint, the SGRB sample reaches higher
redshifts than kilonovae in the CE era.

3. CE Swift++: Given the greater number of SGRBs and
their larger detection distance, (£2,,, wg) can be measured
to 20%-30% precision over one year of observations.
Unlike in the kilonova case, even in the Swift++
scenario, we are not limited by the gamma-ray telescope
time (though constraints on spectroscopic follow-up may
be more severe; see below).

Although we report results for only one year of observations, a
longer observing period is of course likely. For example, we
find that with 5 years of observation, uncertainties on the
cosmological parameters improve by a factor of about 1.5-2.

4.1. Uncertainties and Caveats

Motivated empirically by observations with Swift, we have
assumed that 30% of SGRBs detected by the gamma-ray
satellite will have their redshift precisely determined. While it
is potentially realistic to obtain spectroscopic follow-up of
SGRB afterglows or host galaxies in the era of a few (or even a
few dozen) events per year, our CE Swift++ scenario would
require about 100 redshift measurements per year, possibly
from 8 m class or larger spectroscopic telescopes (given the
large distances of SGRBs) by the 2040s when CE is
operational. If photometric redshifts are required for large
samples, this can introduce additional systematic uncertainties
not accounted for in our calculations. Likewise, our more
ambitious Voyager/CE VRO 1800s scenarios require obtain-
ing hundreds of host galaxy redshifts, albeit for more nearby
events, which might enable the use of smaller (2 m and 4 m
class) telescopes.

Although we consider each of the scenarios above as taking
place independently, a string of successively executed
scenarios (e.g., if the A4+ VRO 30s scenario is followed by
the Voyager 1800s scenario, the cosmological measurement
posterior at the end of the A+ VRO 30s program will serve as
the prior of the Voyager 1800s program) will also lead to
tighter constraints. Furthermore, with our only assumed priors
being that on Hy from an assumed Advanced LIGO-Virgo
standard siren program, our results correspond to an indepen-
dent measurement of cosmological parameters made using just
the standard siren method. However, assuming that systematic
uncertainties are under control, other GW-only measurements
(e.g., Farr et al. 2019) or non-GW measurement (e.g., CMB)
could potentially provide greater leverage at high redshift and
be combined to better measure cosmological parameters. It has
been shown that a synergy between the standard siren and
CMB+BAO+Type Ia supernovae will lead to a factor of ~2
tighter constraints (Jin et al. 2020).
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Known possible systematic uncertainties for the standard
siren method, including the instrumental calibration uncertainty
(Sun et al. 2020), the GW and EM selection effect (Mandel
et al. 2019; Chen 2020), the use of photometric redshift
mentioned above, and the lensing of GW signals, are not
included in our analysis. These systematics can introduce
percent-level uncertainty on the H, measurement, competing
with the statistical ones. As GW instruments evolve and our
understanding of the BNS population and their EM counter-
parts improves, it is reasonable to believe that these systematics
will become better controlled.

For simplicity we have considered a sharp cutoff in the
detection horizon Dy )iy of kilonovae and SGRBs, but the
actual detection efficiency will taper with source distance more
gradually (e.g., Figure 2). Likewise, in calculating required
VRO time, we have assumed a uniform per-source integration
time for all kilonova searches independent of distance. In
reality, nearby events, or those with particularly luminous
kilonovae, may require fewer resources. A more realistic EM
detection efficiency can be constructed after a concrete
observing plan is in place. Overall, the systematic effect on
(€2,,,, wp) measurements is less significant than for H, due to
their larger statistical uncertainties.

5. Recommended Program

In summary, for kilonovae programs, improved H, precision
is largely driven by upgrades in the GW facility rather than a
more ambitious EM follow-up program. This is because the
greatest leverage on H, comes from the nearest GW events
with the highest signal-to-noise ratio, for which VRO can most
easily detect the kilonova. Increasing the sample to events at
greater distances (VRO 300s and VRO 1800s programs)
requires significantly greater observing time at VRO, for only a
marginal improvement in constraints. On the other hand, once
in the CE era, collecting a large sample of kilonovae at VRO
600s redshifts does provide noticeable improvements on (£2,,,,
WQ).

Due to the required on-axis orientation, the number of joint
GW-SGRB observations does not become appreciable until the
Voyager/CE eras. However, with even a few events, SGRBs
can lead to comparable or better constraints than the kilonova
scenarios for (f2,, wg). By contrast, none of the SGRB
scenarios compete with the kilonova scenarios in measuring H,
for the same GW detector configuration. The constraints on
(Q,,, wo) largely scale with the total number of GW/SGRB
joint detections. Thus it is no surprise that a future gamma-ray
satellite with both a greater sensitivity and larger field of view
than Swift (i.e., “Swift++") performs better than one with just
a larger field of view (“Swift4”).

In light of these findings, we propose the following
programmatic guidelines.

1. VRO should undertake an active kilonova target-of-
opportunity follow-up program (in A+ and beyond)
focused on the nearest GW events (outside the distance
afflicted by peculiar velocity uncertainties), as these
provide the greatest leverage on H,. For purposes of
cosmological studies alone, it is not necessarily of benefit
to target the greater number of events in the Voyager/CE
eras at greater distances (and hence dimmer kilonovae)
because of the diminishing returns per invested telescope
time. On the other hand, observations of kilonovae may
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Table 2
Joint GW and Kilonova/SGRB Observing Programs Selected from Table 1
and Their Constraints on Cosmological Parameters over 1 yr (5 yr) of
Observations

Scenario oHy /Hy (%) OO Oy

A+ VRO 30s 3.3(2.2) 0.32(0.21) 0.55(0.37)
Voyager VRO 300s 2.7(1.8) 0.25(0.16) 0.55(0.37)
CE VRO 600s 0.3(0.2) 0.14(0.09) 0.30(0.20)
Voyager Swift+ 4.0(2.6) 0.25(0.17) 0.52(0.35)
CE Swift++ 1.4(1.0) 0.08(0.05) 0.26(0.17)

Note. The 5 yr constraints are conservatively taken to be a factor of 1.5 better
than our simulated 1 yr observations.

be motivated by other, non-cosmology-related science
cases, such as r-process nucleosynthesis or host galaxy
properties. Kilonovae programs targeting sources at
larger distance can provide (£2,, wg) constraints,
particularly in absence of the gamma-ray facility
recommended below.

2. To fully extend the standard siren technique to (£2,,, wg)
studies, it is important to have an active gamma-ray
satellite with Swift-like GRB localization capabilities to
coincide with Voyager and CE in the 2030s and beyond.
Ideally this future instrument would have both larger
FOV and greater sensitivity than Swift/BAT, since the
returns scale with the total number of SGRBs with
redshifts. Concepts for future gamma-ray satellites with
greater sensitivity (e.g., AMEGO; McEnery et al. 2019)
and/or wider FOV/onboard localization capabilities
(e.g., TAP; Camp et al. 2019) than Swift have recently
been proposed to NASA as future missions.

If onboard localization capabilities are not feasible,
an alternative approach is to localize and identify the
merger host galaxy/redshift by detecting the SGRB
optical afterglow from the ground (e.g., with VRO),
particularly if the angular resolution of the gamma-ray
instrument is less than a few degrees. However, exploring
this possibility in depth is beyond the scope of this Letter;
such an approach could end up requiring as much
observing time or more than the proposed KN programs.

3. In parallel, a plan should be developed to increase the
capacity to obtain host galaxy redshifts for GW/EM
events. In the GRB joint-detection case, this represents an
expansion from ~few events per year, to tens or even
hundreds per year detected by next-generation facilities.
Likewise, for kilonovae, several hundreds of events will
be required per year by the CE/ET era. One possibility is
the expansion of an ongoing spectroscopic survey such as
the Dark Energy Spectroscopic Instrument (DESI).
Additionally, photometric redshifts measured by upcom-
ing survey telescopes like VRO are another avenue for
obtaining a large sample of redshifts. However, additional
work (also required for other areas of cosmology) is
necessary to reduce the statistical and systematic
uncertainties in photometric redshifts to the subpercent
level expected for H constraints by the CE era.

Our recommended programs, and their projected constraints on
cosmological parameters with 1 yr (5 yr) of observations, are
summarized in Table 2.
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In conclusion, this work has explored the prospects of the
GW-EM standard siren method to address key questions in
cosmology over the next three decades. With future upgrades
of the GW and EM facilities, and coordinated efforts between
these communities starting now, multimessenger standard siren
cosmology has great potential to provide insights into the
expansion history of the universe.

We acknowledge valuable discussions with Matthew Evans.
H.-Y.C. was supported by the Black Hole Initiative at Harvard
University, through a grant from the John Templeton
Foundation and the Gordon and Betty Moore Foundation. H.-
Y.C. and P.S.C. are grateful for support provided by NASA
through the NASA Hubble Fellowship grants #HST-HF2-
51452.001-A and #HST-HF2-51404.001-A awarded by the
Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc.,
for NASA, under contract NAS 5-26555. B.D.M. is supported
in part by NSF grant AST-2002577 and NASA grant
NNX17AK43G.

ORCID iDs

Hsin-Yu Chen © https: //orcid.org/0000-0001-5403-3762
Philip S. Cowperthwaite © https: //orcid.org/0000-0002-

2478-6939
Brian D. Metzger @ https: //orcid.org,/0000-0002-4670-7509
Edo Berger @ https: //orcid.org/0000-0002-9392-9681

References

Abazajian, K., Addison, G., Adshead, P., et al. 2019, arXiv:1907.04473

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016, LRR, 19, 1

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017a, Natur, 551, 85

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017b, CQGra, 34, 044001

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017c, ApJL, 848, L13

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017d, PhRvL, 119, 161101

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017e, ApJL, 848, L12

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2019, PhRvX, 9, 031040

Abbott, R., Abbott, T. D., Abraham, F., et al. 2020, arXiv:2010.14533

Ackley, K., Amati, L., Barbieri, C., et al. 2020, A&A, 643, A113

Alexander, K. D., Berger, E., Fong, W., et al. 2017, ApJL, 848, L.21

Amati, L., O’Brien, P., Gotz, D., et al. 2018, AdSpR, 62, 191

Andreoni, I., Goldstein, D. A., Kasliwal, M. M., et al. 2020, ApJ, 890, 131

Antier, S., Agayeva, S., Almualla, M., et al. 2020, MNRAS, 497, 5518

Ascenzi, S., Coughlin, M. W., Dietrich, T., et al. 2019, MNRAS, 486, 672

Berger, E. 2014, ARA&A, 52, 43

Burns, E., Connaughton, V., Zhang, B.-B., et al. 2016, ApJ, 818, 110

Cai, R.-G., & Yang, T. 2017, PhRvD, 95, 044024

Camp, J., Abel, J., Barthelmy, S., et al. 2019, BAAS, 51, 85

Camp, J., & Team, T. A. P. 2019, LPICo, 2135, 5027

Chen, H.-Y. 2020, PhRvL, 125, 201301

Chen, H.-Y., Fishbach, M., & Holz, D. E. 2018, Natur, 562, 545

Chen, H.-Y., Haster, C.-J., Vitale, S., Farr, W. M., & Isi, M. 2020, arXiv:2009.
14057

Chen, H.-Y., & Holz, D. E. 2016a, arXiv:1612.01471

Chen, H.-Y., & Holz, D. E. 2017, ApJ, 840, 88

Chen, H.-Y., Holz, D. E., Miller, J., et al. 2021, CQGra, 38, 055010

Chen, H.-Y., Vitale, S., & Narayan, R. 2019, PhRvX, 9, 031028

Cordier, B., Wei, J., Atteia, J.-L., et al. 2015, arXiv:1512.03323

Coulter, D. A., Foley, R. J., Kilpatrick, C. D., et al. 2017, Sci, 358, 1556

Cowperthwaite, P. S., & Berger, E. 2015, Apl, 814, 25

Chen et al.

Cowperthwaite, P. S., Berger, E., Villar, V. A,, et al. 2017, ApJL, 848, L17

Cowperthwaite, P. S., Chen, H.-Y., Margalit, B., et al. 2019a, arXiv:1904.
02718

Cowperthwaite, P. S., Villar, V. A., Scolnic, D. M., & Berger, E. 2019b, ApJ,
874, 88

Darbha, S., & Kasen, D. 2020, ApJ, 897, 150

DESI Collaboration, Aghamousa, A., Aguilar, J., et al. 2016, arXiv:1611.
00036

Dore, O., Hirata, C., Wang, Y., et al. 2019, BAAS, 51, 341

Farr, W. M., Fishbach, M., Ye, J., & Holz, D. E. 2019, ApJL, 883, L42

Feeney, S. M., Peiris, H. V., Williamson, A. R., et al. 2019, PhRvL, 122,
061105

Fishbach, M., Gray, R., Magaiia Hernandez, ., et al. 2019, ApJL, 871, L13

Foley, R., Bloom, J. S., Cenko, S. B., et al. 2019, BAAS, 51, 305

Fong, W., Berger, E., Blanchard, P. K., et al. 2017, ApJL, 848, L23

Fong, W., Laskar, T., Rastinejad, J., et al. 2021, ApJ, 906, 127

Fontes, C. J., Fryer, C. L., Hungerford, A. L., Wollaeger, R. T., &
Korobkin, O. 2020, MNRAS, 493, 4143

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,
125, 306

Freedman, W. L., Madore, B. F., Hatt, D., et al. 2019, ApJ, 882, 34

Goldstein, A., Veres, P., Burns, E., et al. 2017, ApJL, 848, L14

Gomez, S., Hosseinzadeh, G., Cowperthwaite, P. S., et al. 2019, ApJL,
884, L55

Gompertz, B. P., Levan, A. J., Tanvir, N. R., et al. 2018, ApJ, 860, 62

Guidorzi, C., Margutti, R., Brout, D., et al. 2017, ApJL, 851, L36

Holz, D. E., & Hughes, S. A. 2005, ApJ, 629, 15

Hosseinzadeh, G., Cowperthwaite, P. S., Gomez, S., et al. 2019, ApJL, 880, L4

Husa, S., Khan, S., Hannam, M., et al. 2016, PhRvD, 93, 044006

Jin, S.-J., He, D.-Z., Xu, Y., Zhang, J.-F., & Zhang, X. 2020, JCAP, 2020, 051

Ivezié, Z., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873, 111

Kagra Collaboration, Akutsu, T., Ando, M., et al. 2019, NatAs, 3, 35

Kasen, D., Fernandez, R., & Metzger, B. D. 2015, MNRAS, 450, 1777

Khan, S., Husa, S., Hannam, M., et al. 2016, PhRvD, 93, 044007

Knox, L., & Millea, M. 2020, PhRvD, 101, 043533

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415

Mandel, 1., Farr, W. M., & Gair, J. R. 2019, MNRAS, 486, 1086

Margalit, B., & Metzger, B. D. 2017, ApJL, 850, L19

Margalit, B., & Metzger, B. D. 2019, ApJL, 880, L15

Margutti, R., Berger, E., Fong, W., et al. 2017, ApJL, 848, L20

Margutti, R., Cowperthwaite, P., Doctor, Z., et al. 2018, arXiv:1812.04051

McEnery, J., van der Horst, A., Dominguez, A., et al. 2019, BAAS, 51, 245

Metzger, B. D., & Berger, E. 2012, ApJ, 746, 48

Metzger, B. D., Martinez-Pinedo, G., Darbha, S., et al. 2010, MNRAS,
406, 2650

Nissanke, S., Sievers, J., Dalal, N., & Holz, D. 2011, ApJ, 739, 99

Pian, E., D’Avanzo, P., Benetti, S., et al. 2017, Natur, 551, 67

Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016, A&A, 594, A13

Planck Collaborationz, Aghanim, N., Akrami, Y., et al. 2020, A&A, 641, A6

Riess, A. G. 2019, NatRP, 2, 10

Riess, A. G., Casertano, S., Yuan, W., Macri, L. M., & Scolnic, D. 2019, ApJ,
876, 85

Rossi, A., Stratta, G., Maiorano, E., et al. 2020, MNRAS, 493, 3379

Sathyaprakash, B. S., Schutz, B. F., & Van Den Broeck, C. 2010, CQGra, 27,
215006

Savchenko, V., Ferrigno, C., Kuulkers, E., et al. 2017, ApJL, 848, L15

Schutz, B. F. 1986, Natur, 323, 310

Soares-Santos, M., Holz, D. E., Annis, J., et al. 2017, ApJL, 848, L16

Soares-Santos, M., Palmese, A., Hartley, W., et al. 2019, ApJL, 876, L7

Sun, L., Goetz, E., Kissel, J. S., et al. 2020, CQGra, 37, 225008

Vieira, N., Ruan, J. J., Haggard, D., et al. 2020, ApJ, 895, 96

Villar, V. A,, Berger, E., Metzger, B. D., & Guillochon, J. 2017, AplJ, 849, 70

Wanderman, D., & Piran, T. 2015, MNRAS, 448, 3026

Wong, K. C., Suyu, S. H., Chen, G. C. F,, et al. 2020, MNRAS, 498, 1420

Zhao, W., van den Broeck, C., Baskaran, D., & Li, T. G. F. 2011, PhRvD, 83,
023005


https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0001-5403-3762
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-2478-6939
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-4670-7509
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
https://orcid.org/0000-0002-9392-9681
http://arxiv.org/abs/1907.04473
https://doi.org/10.1007/lrr-2016-1
https://ui.adsabs.harvard.edu/abs/2016LRR....19....1A/abstract
https://doi.org/10.1038/551425a
https://ui.adsabs.harvard.edu/abs/2017Natur.551...85A/abstract
https://doi.org/10.1088/1361-6382/aa51f4
https://ui.adsabs.harvard.edu/abs/2017CQGra..34d4001A/abstract
https://doi.org/10.3847/2041-8213/aa920c
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..13A/abstract
https://doi.org/10.1103/PhysRevLett.119.161101
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119p1101A/abstract
https://doi.org/10.3847/2041-8213/aa91c9
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract
https://doi.org/10.1103/PhysRevX.9.031040
https://ui.adsabs.harvard.edu/abs/2019PhRvX...9c1040A/abstract
http://arxiv.org/abs/2010.14533
https://doi.org/10.1051/0004-6361/202037669
https://ui.adsabs.harvard.edu/abs/2020A&A...643A.113A/abstract
https://doi.org/10.3847/2041-8213/aa905d
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..21A/abstract
https://doi.org/10.1016/j.asr.2018.03.010
https://ui.adsabs.harvard.edu/abs/2018AdSpR..62..191A/abstract
https://doi.org/10.3847/1538-4357/ab6a1b
https://ui.adsabs.harvard.edu/abs/2020ApJ...890..131A/abstract
https://doi.org/10.1093/mnras/staa1846
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.5518A/abstract
https://doi.org/10.1093/mnras/stz891
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486..672A/abstract
https://doi.org/10.1146/annurev-astro-081913-035926
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52...43B/abstract
https://doi.org/10.3847/0004-637X/818/2/110
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..110B/abstract
https://doi.org/10.1103/PhysRevD.95.044024
https://ui.adsabs.harvard.edu/abs/2017PhRvD..95d4024C/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51g..85C/abstract
https://ui.adsabs.harvard.edu/abs/2019LPICo2135.5027C/abstract
https://doi.org/10.1103/PhysRevLett.125.201301
https://ui.adsabs.harvard.edu/abs/2020PhRvL.125t1301C/abstract
https://doi.org/10.1038/s41586-018-0606-0
https://ui.adsabs.harvard.edu/abs/2018Natur.562..545C/abstract
http://arxiv.org/abs/2009.14057
http://arxiv.org/abs/2009.14057
http://arxiv.org/abs/1612.01471
https://doi.org/10.3847/1538-4357/aa6f0d
https://ui.adsabs.harvard.edu/abs/2017ApJ...840...88C/abstract
https://doi.org/10.1088/1361-6382/abd594
https://ui.adsabs.harvard.edu/abs/2021CQGra..38e5010C/abstract
https://doi.org/10.1103/PhysRevX.9.031028
https://ui.adsabs.harvard.edu/abs/2019PhRvX...9c1028C/abstract
http://arxiv.org/abs/1512.03323
https://doi.org/10.1126/science.aap9811
https://ui.adsabs.harvard.edu/abs/2017Sci...358.1556C/abstract
https://doi.org/10.1088/0004-637X/814/1/25
https://ui.adsabs.harvard.edu/abs/2015ApJ...814...25C/abstract
https://doi.org/10.3847/2041-8213/aa8fc7
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..17C/abstract
http://arxiv.org/abs/1904.02718
http://arxiv.org/abs/1904.02718
https://doi.org/10.3847/1538-4357/ab07b6
https://ui.adsabs.harvard.edu/abs/2019ApJ...874...88C/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...874...88C/abstract
https://doi.org/10.3847/1538-4357/ab9a34
https://ui.adsabs.harvard.edu/abs/2020ApJ...897..150D/abstract
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/1611.00036
https://doi.org/10.3847/2041-8213/ab4284
https://ui.adsabs.harvard.edu/abs/2019ApJ...883L..42F/abstract
https://doi.org/10.1103/PhysRevLett.122.061105
https://ui.adsabs.harvard.edu/abs/2019PhRvL.122f1105F/abstract
https://ui.adsabs.harvard.edu/abs/2019PhRvL.122f1105F/abstract
https://doi.org/10.3847/2041-8213/aaf96e
https://ui.adsabs.harvard.edu/abs/2019ApJ...871L..13F/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c.341D/abstract
https://doi.org/10.3847/2041-8213/aa9018
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..23F/abstract
https://doi.org/10.3847/1538-4357/abc74a
https://ui.adsabs.harvard.edu/abs/2021ApJ...906..127F/abstract
https://doi.org/10.1093/mnras/staa485
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.4143F/abstract
https://doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F/abstract
https://doi.org/10.3847/1538-4357/ab2f73
https://ui.adsabs.harvard.edu/abs/2019ApJ...882...34F/abstract
https://doi.org/10.3847/2041-8213/aa8f41
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..14G/abstract
https://doi.org/10.3847/2041-8213/ab4ad5
https://ui.adsabs.harvard.edu/abs/2019ApJ...884L..55G/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...884L..55G/abstract
https://doi.org/10.3847/1538-4357/aac206
https://ui.adsabs.harvard.edu/abs/2018ApJ...860...62G/abstract
https://doi.org/10.3847/2041-8213/aaa009
https://ui.adsabs.harvard.edu/abs/2017ApJ...851L..36G/abstract
https://doi.org/10.1086/431341
https://ui.adsabs.harvard.edu/abs/2005ApJ...629...15H/abstract
https://doi.org/10.3847/2041-8213/ab271c
https://ui.adsabs.harvard.edu/abs/2019ApJ...880L...4H/abstract
https://doi.org/10.1103/PhysRevD.93.044006
https://ui.adsabs.harvard.edu/abs/2016PhRvD..93d4006H/abstract
https://doi.org/10.1088/1475-7516/2020/03/051
https://ui.adsabs.harvard.edu/abs/2020JCAP...03..051J/abstract
https://doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://doi.org/10.1038/s41550-018-0658-y
https://ui.adsabs.harvard.edu/abs/2019NatAs...3...35K/abstract
https://doi.org/10.1093/mnras/stv721
https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.1777K/abstract
https://doi.org/10.1103/PhysRevD.93.044007
https://ui.adsabs.harvard.edu/abs/2016PhRvD..93d4007K/abstract
https://doi.org/10.1103/PhysRevD.101.043533
https://ui.adsabs.harvard.edu/abs/2020PhRvD.101d3533K/abstract
https://doi.org/10.1146/annurev-astro-081811-125615
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..415M/abstract
https://doi.org/10.1093/mnras/stz896
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.1086M/abstract
https://doi.org/10.3847/2041-8213/aa991c
https://ui.adsabs.harvard.edu/abs/2017ApJ...850L..19M/abstract
https://doi.org/10.3847/2041-8213/ab2ae2
https://ui.adsabs.harvard.edu/abs/2019ApJ...880L..15M/abstract
https://doi.org/10.3847/2041-8213/aa9057
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..20M/abstract
http://arxiv.org/abs/1812.04051
https://ui.adsabs.harvard.edu/abs/2019BAAS...51g.245M/abstract
https://doi.org/10.1088/0004-637X/746/1/48
https://ui.adsabs.harvard.edu/abs/2012ApJ...746...48M/abstract
https://doi.org/10.1111/j.1365-2966.2010.16864.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406.2650M/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406.2650M/abstract
https://doi.org/10.1088/0004-637X/739/2/99
https://ui.adsabs.harvard.edu/abs/2011ApJ...739...99N/abstract
https://doi.org/10.1038/nature24298
https://ui.adsabs.harvard.edu/abs/2017Natur.551...67P/abstract
https://doi.org/10.1051/0004-6361/201525830
https://ui.adsabs.harvard.edu/abs/2016A&A...594A..13P/abstract
https://doi.org/10.1051/0004-6361/201833910
https://ui.adsabs.harvard.edu/abs/2020A&A...641A...6P/abstract
https://doi.org/10.1038/s42254-019-0137-0
https://ui.adsabs.harvard.edu/abs/2019NatRP...2...10R/abstract
https://doi.org/10.3847/1538-4357/ab1422
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...85R/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...85R/abstract
https://doi.org/10.1093/mnras/staa479
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.3379R/abstract
https://doi.org/10.1088/0264-9381/27/21/215006
https://ui.adsabs.harvard.edu/abs/2010CQGra..27u5006S/abstract
https://ui.adsabs.harvard.edu/abs/2010CQGra..27u5006S/abstract
https://doi.org/10.3847/2041-8213/aa8f94
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..15S/abstract
https://doi.org/10.1038/323310a0
https://ui.adsabs.harvard.edu/abs/1986Natur.323..310S/abstract
https://doi.org/10.3847/2041-8213/aa9059
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..16S/abstract
https://doi.org/10.3847/2041-8213/ab14f1
https://ui.adsabs.harvard.edu/abs/2019ApJ...876L...7S/abstract
https://doi.org/10.1088/1361-6382/abb14e
https://ui.adsabs.harvard.edu/abs/2020CQGra..37v5008S/abstract
https://doi.org/10.3847/1538-4357/ab917d
https://ui.adsabs.harvard.edu/abs/2020ApJ...895...96V/abstract
https://doi.org/10.3847/1538-4357/aa8fcb
https://ui.adsabs.harvard.edu/abs/2017ApJ...849...70V/abstract
https://doi.org/10.1093/mnras/stv123
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.3026W/abstract
https://doi.org/10.1093/mnras/stz3094
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.1420W/abstract
https://doi.org/10.1103/PhysRevD.83.023005
https://ui.adsabs.harvard.edu/abs/2011PhRvD..83b3005Z/abstract
https://ui.adsabs.harvard.edu/abs/2011PhRvD..83b3005Z/abstract

	1. Introduction
	2. GW and EM Facilities
	3. Simulations
	4. Results and Discussion
	4.1. Uncertainties and Caveats

	5. Recommended Program
	References

