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Abstract: During the next decade, gravitational waves will be observed from hundreds of binary
inspiral events. When the redshifts of the host galaxies are known, these events can be used as
“standard sirens”, sensitive to the expansion rate of the Universe. Measurements of the Hubble
constant H0 from standard sirens can be done independently of other cosmological probes, and
events occurring at z < 0.1 will allow us to infer H0 independentently of cosmological models.
The next generation of spectroscopic galaxy surveys will play a crucial role in reducing systematic
uncertainties in H0 from standard sirens, particularly for the numerous “dark sirens” which do not
have an electromagnetic counterpart. In combination with large spectroscopic data sets, standard
sirens with an EM counterpart are expected to constrain H0 to ∼ 1− 2% precision within the next
decade. This is competitive with the best estimates of H0 obtained to date and will help illuminate
the current tension between existing measurements.
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1 Introduction
The discovery of the gravitational wave (GW) signal GW170817 by LIGO/Virgo and its electro-
magnetic (EM) counterpart [1] has opened a new era of GW cosmology with the first measurement
of the Hubble constant, H0, using standard sirens (StS;[2]) [3]. We review the GW science cases
to which large-scale spectroscopic galaxy surveys can make valuable contributions. Throughout,
we mention the Dark Energy Spectroscopic Instrument (DESI; [4, 5]), but it should be stressed
that the science cases enumerated below are just as relevant for other existing and upcoming large
scale spectroscopic galaxy surveys (e.g., Taipain, SDSS-V, and 4MOST [6, 7, 8]).

“Standard candles”, such as Cepheids and Type Ia supernovae (SNe Ia), have long been used to
measure H0 and other cosmological parameters. StSs are another method that is independent of
traditional distance-ladder approaches [2, 9, 10, 11, 12]. In fact, the amplitude of the GW signal
depends directly on the distanceD to the object. The redshift z of the source can be measured either
from direct detection of the object and/or its host galaxy (if the GW source has an EM counterpart:
bright sirens) or through a statistical approach using the ensemble of galaxies in the area covered
by the localization uncertainty region of the GW signal (if there is no EM counterpart: dark
sirens). Distance and redshift are related to H0 through vH(zH) = H0D, where vH(zH) and zH
are the recession velocity and redshift of the object, respectively, due to the Universe’s expansion.
For objects in the local Universe (z . 0.1), the relation is linear and only depends on the local
value of the Hubble parameter: czH = H0D, where c is the speed of light.

A New Probe of the Hubble constant. Recently, two leading probes of H0 have come into tension.
The latest measurement of H0 based on the distance ladder composed of Cepheid variables and
SNe Ia is 73.48± 1.66 km s−1 Mpc−1 [13]. On the other hand, the latest measurement of H0 from
the cosmic microwave background (CMB), assuming a spatially flat ΛCDM model, is 67.27 ±
0.60 km s−1 Mpc−1 [14], 3.7σ lower. A new, independent probe of H0 could clarify this tension.
Low-redshift StSs (z . 0.1) will help estimation of Hubble constant with very high precision
during the next decade [12]. However, using StSs at z & 0.1 requires a proper knowledge of the
background cosmology to avoid introducing biases in the analysis [15]. Information from large
spectroscopic surveys estimating the expansion history of the Universe in a model independent
manner combined with StSs can resolve this issue.

Dark Energy. Despite the wealth of analyses aimed at understanding the dark sector of the Uni-
verse, the nature of dark matter and dark energy (DE) remains elusive. Beyond z & 0.1, the
distance–redshift relation depends on cosmological parameters beyond H0, including the Uni-
verse’s matter and DE density. It thus follows that GW events at those redshifts will be a new
source of information to estimate the background rate of expansion. This is particularly true for
the next generation of GW detectors, such as the Laser Interferometer Space Antenna (LISA, [16]),
the Einstein Telescope (ET) and the Cosmic Explorer (CE), where the increased sensitivity will al-
low inference of cosmological parameters from precise distance measurements of GW events to
very large distances [17, 18, 19, 20, 21].

Formation and evolution of GW sources. The nature of the formation and evolution of the bina-
ries that produce GWs is still mostly unknown. It is in fact not clear if the components are formed
through a burst of star formation as a binary system (the “isolated binary” scenario), and if they
can survive two SN explosions. In the case of black hole (BH) binaries, it is not even clear if the
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components observed so far can form as stellar objects, whether they are primordial BHs [22, 23],
the result of dynamical interaction of stellar BHs in dense environments [24, 25] or in quasar ac-
cretion disks. Analyses of the host galaxy of GW events can provide insights into the environments
in which those system evolve, and thus can help in constraining formation and evolution scenarios
of compact object binaries [26, 27].

2 Probes
In this Section we further explore the probes necessary to address the science cases introduced in
Section 1, and present how spectroscopic surveys can contribute to such goals. We treat separately
the cases in which the EM counterpart to a GW event is (or is not) identified.

Bright sirens. The promise of the new multi-messenger era is most prominent in GW events that
are accompanied by an EM counterpart, as the host galaxy, and thus its redshift, can be identified
more easily. However, peculiar velocities are one possible source of systematic bias, as they cause
a deviation of measured galaxies’ velocities from the Hubble flow. It is thus important to precisely
measure the redshift of the event’s host galaxy and of its surrounding environment in order to
correctly recover peculiar velocities. In turn, these are needed to recover the velocity component,
vH , due solely to the Hubble flow, which enters vH(zH) = H0D.

Follow-up of EM counterpart candidates. Identification of EM counterparts is paramount to en-
able cosmology with bright StSs. According to recent EM counterpart searches [28, 29], programs
such as the DECam GW follow-up are likely to observe ∼ 10 interesting kilonova candidates per
square degree. This increases if there are no deep galaxy catalogs available for SN rejection in that
area of the sky. SNe are in fact the transients most likely to contaminate the search for kilonovae
[30]. Such contamination can be avoided by identifying candidates associated with galaxies that
are too far away to be the GW host [29], or through color information of the transients.
Thanks to the large field of view and number of fibers, wide-field multi-object spectroscopy is ideal
to quickly follow-up interesting candidates selected by imaging surveys. This can be achieved by
assigning ancillary fibers to the candidates. The expected number of EM counterpart candidates
per DESI pointing, for example, should be on the order of 50–100, which is below the number of
expected spare fibers (∼ 500).
A significant fraction of GW signals detected in the next decade may be well-localized (within
5–20 deg2 at 90% Confidence Level; [31]), allowing wide-field spectroscopic instruments to cover
the whole high-probability area with just a few pointings, and ideally identify the kilonova event
among the counterpart candidates. Timely identification of kilonovae is fundamental for further
follow-up (which can be pursued later with smaller field-of-view telescopes), as they are expected
to fade away on a timescale of days. Well-localized events will be a fraction of few to tens of
mergers per year for the Northern or Southern sky hemisphere.
BH–NS mergers have yet to be observed, which makes the rate of this type of events uncertain.
Theoretical works suggest that they may be more numerous than NS–NS mergers [32]. The dis-
covery of the first BH–NS merger counterpart would not only be a significant contribution to our
understanding of compact object mergers, but may also allow us to place tighter constraints on
H0 than a NS–NS event would [33]. In addition, if there are exotically light NS–BH coalescences
(with the BH being around the NS mass) and the GW signature is degenerate with NS-NS merger,
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one can use these observations to infer the BH nature. This is especially crucial in searching for
BHs converted from NSs by dark matter-induced collapse [34, 35].
We conclude that following up a fraction of NS–NS or BH–NS merger events (at least the well-
localized ones, i.e., the “golden events” [36]) through assignment of spare fibers over fields that
need to be observed by the survey, would not be disruptive for the main science goals of spectro-
scopic galaxy surveys, but has the potential to strongly impact multi-messenger searches of the
next decade. We also note that observed EM candidates that are not the kilonova of interest are
likely to be SNe, and as such could provide useful measurements for SN cosmology.

Host galaxies. Similarly to the case of transient follow-up, multi-object spectroscopy represents
a unique opportunity to quickly provide a spectrum of a host galaxy and its environment. The H0

uncertainty from one StS depends on distance and redshift uncertainties as [12, 37]:
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where σz is the host galaxy redshift uncertainty, σv is the uncertainty on the peculiar velocity, and
σD is the distance uncertainty from the GW data. The host galaxy redshift is the measured spec-
troscopic redshift (spec-z), which for the DESI Bright Galaxy Survey (BGS) will have a typical
uncertainty of cσz < 100 km s−1. The redshift zH , due to the cosmological expansion only, has
a larger uncertainty due to the difficulty in measuring galaxies’ peculiar velocities at the typical
distances considered for the bright events (. 200 Mpc). In other words, typically σv > cσz for
spec-z’s. For the highest signal-to-noise ratio (SNR) events, the distance estimate may be more
precise than the other quantities in play, and the peculiar velocity error will be dominant. DESI
and Taipan will provide redshifts for a much denser sample than previous spectroscopic surveys,
allowing a more precise estimate of the peculiar velocity flow.
Following [37], we show the predicted H0 precision from different numbers of combined events,
for different distance reaches, D∗,1 in Fig. 1. The shaded regions show, for each D∗, the impact
of the peculiar velocity uncertainty between 100 and 400 km s−1. The velocity uncertainty is
eventually suppressed by the increased distance reach, as most events will come from farther away
where the distance uncertainty dominates. However, if we consider only the loudest GW events
with a more precise distance uncertainty, or if we are only able to identify EM counterparts for the
closest events, the effect of peculiar velocities will still be the most prominent. This is also true
if the distance precision is improved by breaking the degeneracy between distance and inclination
angle using EM data [10], potentially improving the H0 uncertainty by a factor 2− 3 [38, 39].
Note that, for example, at the distance of 40 Mpc (like GW170817), a bias of 200 km s−1 in the
reconstructed peculiar motion would translate into an H0 bias of 5 km s−1 Mpc−1. A precise and
accurate measurement of peculiar velocities around host galaxies is thus needed in order to perform
H0 analyses, and it is more important the more precise the distance measurements are. Ideally, by
reaching σv ∼ 100 km s−1, we can reach a precision on H0 of ∼ 2% regardless of the distance
reach after ∼ O(50) events. Photometric redshifts (Photo-z’s) will not provide competitive con-
straints for bright sirens, even with an ideal uncertainty of σz ∼ 0.01 (see Fig. 1): spec-z’s are
needed.
Analyses of host galaxy properties can also constrain the formation and evolution scenarios of NS–
BH and NS–NS binaries. With this assumption, [26] and [27] used observations of the GW170817

1Here D∗ is the distance out to which sources with the minimum SNR ρ∗ can be detected. We use ρ∗ = 12.
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Figure 1: Hubble constant un-
certainty (1σ) as a function of
combined GW events with associ-
ated EM counterpart. The shaded
regions show the impact of the
peculiar velocity uncertainty be-
tween 100 and 400 km s−1 for
different distance reaches D∗.
The latest results from standard
candles (SH0ES, [13]) and CMB
(Planck, [14]) are also shown.

host galaxy to suggest NS–NS formation scenarios which are alternatives to the more standard
“isolated binary” case. [40] derived a time delay constraint from the star formation history of the
galaxy, assuming the NSs formed and evolved as an isolated binary. Further identification of host
galaxies will be crucial in shedding light on the formation channels of these systems.
When a GW event with an EM counterpart is detected, it is possible that we will already have
galaxy measurements in its localization region from DESI or other spectroscopic galaxy surveys.
If that is not the case, but the event falls into a region that is planned for future observations, that
region could be prioritized in near-future observations, although this type of observation does not
need to be pursued in the short time scales necessary for follow-up of the EM candidate itself.
However, if a spectroscopic follow-up of EM candidates is issued, then galaxy spectra could be
taken in conjunction with the candidates. Pursuing this type of science would cause minimal
disruption to the planned observing strategy.

Dark sirens. The expected rate of events with an EM counterpart (NS mergers) is much lower than
those that are expected to be dark, like BH mergers (∼ 1 to 10; [41]). Moreover, the EM counter-
part to GW170817 was extremely bright and nearby. Generally, we expect NS merger counterparts
to be more challenging to identify. Several authors have explored the possibility of making cos-
mological measurements without an EM counterpart (e.g., [2, 12, 42, 43]), by taking into account
a whole sample of potential host galaxies within a statistical framework. [43] used probable host
galaxies with photo-z’s from the Dark Energy Survey (DES), currently the best available catalog
in the BH-BH event GW170814 localization area. For a DES-like photo-z precision, the statistical
uncertainty on H0 can reach ∼ 5% after ∼ 100 well-localized events (. 60 deg2) are combined
[43]. Photo-z systematics will likely become a dominant source of uncertainty when enough dark
events can be combined to reach a statistical uncertainty on H0 of ∼ 10%. Spectroscopic redshifts
will thus be needed to improve the Hubble constant measurement. The statistical StS method is
likely to become more valuable when the events localization will be improved by the addition of
new interferometers to the current LIGO/Virgo network.

Host galaxies. The DESI BGS is expected to be a premier dataset for this type of science. In
fact, a complete survey of galaxies down to magnitude r ∼ 19.5 out to z . 0.4, will serve as
the ideal map of potential host galaxies for these events that are expected to be detectable out to
z . 0.3 for LIGO/Virgo/KAGRA at design sensitivity [31]. 2 By targeting a broad range of galaxy

2The loudest events will actually be detected out to redshift z ∼ 1.
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types, the BGS will also include those galaxies which are more likely to be binary BH hosts.
According to recent studies, the hosts could be star forming, contain the most stellar mass, or have
low metallicities (e.g., [44]).
DESI will also enable science analyses of dark events beyond derivation of the cosmological pa-
rameters. [45] show how a cross-correlation of DESI galaxies with GW catalogs of binary BH
mergers will be able to discern between different binary BH formation scenarios by comparing
the spatial distribution of mergers versus the galaxies’ distribution. The dark StS probes will not
require disruption to planned observing strategies.

3 Conclusions & Outlook
Standard sirens are an extremely promising cosmological probe that can constrain the Hubble
constant independently of measurements of standard candles and the CMB. In order to enable the
science presented in this paper, we suggest the following:

• Support of GW science with large spectroscopic galaxy surveys and coordination with
GW experiments. Complete galaxy catalogs with accurate redshift measurements will be
an invaluable resource in the analysis of GW events with EM counterparts, and are even
more important for the statistical analyses of the much more common dark sirens. This is
crucial for achieving a ∼ 2%(1%) uncertainty in H0 using bright StSs, which may become
possible already in the early(mid)-2020s [12]. Such a constraint will clarify the Hubble
constant tension, and it will be competitive with current results from CMB and standard
candles. In particular,H0 estimates from bright StSs will be model-independent,3 as opposed
to the . 1% precision measurements from CMB experiments, which are tied to a flat ΛCDM
scenario [46]. Dark StSs will be an alternative when the EM counterpart cannot be identified.
These type of events are expected to provide a less stringent (. 10%) precision [12, 43] in
the next decade, but have the potential of probing dark energy with next generation GW
experiments [47]. The same galaxy catalogs (e.g., the DESI main survey will observe large
red galaxies out to z ∼ 1) will also be useful in the 2030s for host identification of GW
events from LISA, ET, and CE, which will reach much larger distances. Large spectroscopic
galaxy catalogs from experiments planned for the 2020s will also act as important pathfinder
to cross-correlate with GW catalogs of BH mergers [45]. The galaxy surveys in question
may have already observed (or planned to target) the galaxies of interest, thus this goal can
be met with minimal disruption to the survey strategy.

• Dedicate a fraction of observing time to follow-up well-localized GW counterpart can-
didates. An improved statistics of StSs is in fact the first challenge to achieve the H0 pre-
cision asserted above (see Figure 1). It is possible that the EM counterpart identification
will not be feasible on short timescales without wide-field multi-object spectroscopy. More-
over, measurements of the EM counterpart can improve the H0 constraints presented above
by a factor of 2–3 by breaking the degeneracy between distance and inclination angle [39].
Beyond cosmology, the overlap between GW and EM observations promises exciting new
discoveries, including the first BH–NS EM counterpart and an improved understanding of
the physics of compact object binaries.

3As these projections come from events at z . 0.1.
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