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Summary. — This paper is based on my presentation at the 106° National
Congress of the Italian Physical Society in September 2020. In the talk, I presented
the latest cosmological measurements of the Hubble constant Hy using gravitational
wave (GW) standard sirens. Due to the lack of GW events with an associated electro-
magnetic counterpart apart from GW170817, we have used the dark standard siren
method, that does not rely on counterparts but uses galaxies’ positions from galaxy
surveys instead. Using data from the Dark Energy Survey (DES), the standard
siren analysis using three GW events (GW170814, GW170817, GW190814) yields
Hy = 72.07%% km s=! Mpc™* (68% Highest Density Interval). Analyses of future
gravitational wave events from the next LIGO/Virgo/KAGRA observing run using
the statistical standard siren method and a DES-like galaxy catalog are expected
to bring even more precise constraints on Hp, at the level of ~ 2-5% (statistical)
precision after ~ 200 GW detections at a distance of < 900 Mpc. Next-generation
GW detectors will also provide precise enough GW measurements that their detec-
tions, together with a galaxy survey like the Dark Energy Spectroscopic Instrument
(DESI), will be able to place precise constraints on the growth of large-scale struc-
ture and on gravity models.

1. — Introduction

The first detection of gravitational waves (GW) in 2015 by the Laser Interferometer
Gravitational-wave Observatory (LIGO), and later the discovery of the first electromag-
netic (EM) counterpart to a gravitational-wave event (GW170817; [1,2]), have triggered
a vast number of observations across multiple experiments, opening new horizons for
understanding topics ranging from the recent expansion of the Universe to stellar evolu-
tion (e.g., [3-6]). A very promising application of GW observations is that of standard
siren analyses [7]. A GW detection provides a measurement of the luminosity distance,
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and if an independent measurement of the redshift is available, for example from its
host galaxy, it is possible to infer cosmological parameters through the distance-redshift
relation. Nearby GW detections (z < 0.1), such as those that are more easily detectable
by the current-generation (i.e., 2G) GW detectors, are mostly sensitive to the Hubble
constant Hy through the distance-redshift relation.

Inferring the Hubble constant has become of particular interest in the latest years
since leading measurements of Hy from different cosmological probes have come to a 4.40
tension. Independent measurements of the same parameter can shed light on the origin of
this discrepancy, which could potentially be an indication for new physics. Gravitational
waves have the potential to help us understand the Hubble tension (e.g., [8,9]), and that
potential is exploited when GW observations are combined with electromagnetic data,
including photons at all observable wavelengths. In my talk at the 106 Italian Physical
Society (SIF) Congress, I have shown how combination of GW events with optical data
from recent and upcoming large galaxy surveys, can provide competitive constraints on
cosmological parameters.

2. — Gravitational wave standard sirens

In the ideal case, an electromagnetic (EM) counterpart to a gravitational-wave event is
discovered, allowing the identification of a unique host galaxy whose redshift can be used
in a standard siren measurement, which we can refer to as a “bright standard siren”. Only
one confident bright standard siren measurement exists to date, and it comes from the
binary neutron star (BNS) merger GW170817 [3]. Counterparts are proving to be rare, as
they are usually only expected to come from compact object mergers that contain at least
one neutron star, while the vast majority of current GW detections come from binary
black hole (BBH) mergers. When a counterpart is not available, the GW localization
is usually so large that it would be consistent with several, in most cases thousands or
even hundreds of thousands, possible host galaxies. For the most well-localized events,
which are usually also the closest in distance, and therefore, the most sensitive to Hy, it
is possible to apply a “dark” or “statistical” standard siren method (which is what was
initially conceived for this method by Schutz [7]) that takes into account all potential host
galaxies within a statistical framework, through a marginalization over those galaxies.
This method provides Hj constraints that are less precise than those from bright sirens
when a single event is considered, but the events without counterpart outnumber those
with counterpart by a factor of O(10), so that both methods are promising cosmological
probes.

2'1. Current measurements. — In a recent work made with the Dark Energy Survey
(DES; [10]) Collaboration, the LIGO Scientific Collaboration, and the Virgo Collabo-
ration, we have produced the first measurement of the Hubble constant from a binary
black hole merger, using the dark standard siren method [11]. The GW data comes
from the LIGO/Virgo GW event GW170814 [12], while the galaxies’ data come from
the DES imaging data. The redshift information for the galaxies is derived through
photometric redshift estimation using neural networks. For a prior in Hjy uniform be-
tween [20,140] km s~! Mpc~!, the analysis yields 77755 km s~' Mpc™! (maximum a
posteriori and 68% Highest Density Interval, HDI). This analysis was an important
proof of principle for future dark siren measurements, and it showed the importance of
having a complete and uniform galaxy catalog across the high-probability region of the
gravitational-wave event.
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During the third observing run (O3) by LIGO and Virgo, an even more promising
dark standard siren has been detected, GW190814 [13]. This event, a likely binary black
hole, has been followed up with the deepest imaging (e.g., [14]), but no counterpart has
been detected. With a localization comoving volume of 3.2 x 10* Mpc?® (90% credible
interval, CT), GW190814 is the second to best localized amongst all GW events detected
so far, only second to the bright standard siren GW170817, so that GW190814 is the best
dark siren available. Like GW170814, the GW190814 90% CI volume is also fully covered
by the wide and deep DES data, as can be seen in the left panel of fig. 1. The wealth
of the DES data and its overlap with various spectroscopic datasets allowed us to fully
characterize photometric redshift systematic uncertainties and biases for the first time
in a standard siren analysis. We also take advantage of the full redshift probability den-
sity function (PDF) of single galaxies to better recover the galaxies’ redshift distribution
along the line of sight of the GW event, which is the relevant redshift information utilized
in the dark siren measurement. We also marginalize over possible redshift dependent bi-
ases arising from the photometric redshifts. The final DES dark siren H posterior from
a combination of GW170814 and GW190814 is shown by the dark solid grey curve in the
right plot of fig. 1, and yields Hy = 77f‘2% km s~! Mpc~! (maximum a posteriori and
68% HDI), using a flat Hy prior in the range [20,140] km s~! Mpc~!. Finally, a combi-
nation of GW170814, GW190814 and GW170817 yields Hy = 72.01‘}32 km s~ Mpc1,
where we use the bright standard siren posterior from [15] with our prior. The addition
of GW190814 and GW170814 to GW170817 improves the 68% CI interval by ~ 18%,
showing how well-localized GW events without counterparts can provide a substantial
contribution to standard siren measurements, provided that a complete and uniform
galaxy catalog is available at the merger’s location.

2°2. Prospects. — We consider two types of simulations that allow us to make pre-
dictions for future standard siren measurements using LIGO/Virgo events and DES
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Fig. 1. — Left: 90% CI sky localization area of the binary black hole merger events GW170814
and GW190814. The contour line shows the footprint of the DES observations. Right: Hubble
constant posterior probability distribution functions from the standard siren analysis presented.
The two grey solid lines show the posterior resulting from a statistical standard siren analysis of
GW190814 alone (lighter grey) and from a combination of GW190814 and GW170814 (darker
grey). The dotted line is the posterior from the bright standard siren analysis of GW170817
from [15], that includes a more sophisticated treatment of the host galaxy peculiar velocity
compared to previous works. The black line is the posterior from the combination of all afore-
mentioned standard sirens. Vertical lines indicate the 68% HDI for each posterior. Adapted
from [16].
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(or DES-like) galaxy catalogs. The first type of simulation consists in rotating exist-
ing events with no counterpart on top of the DES footprint, in order to predict the
precision that could be reached with existing events if a DES-like catalog is present (or
will be produced) in these regions. We select the top 20 events from O1, O2 and O3,
based on their 90% CI comoving volume, and after removing GW170814, GW170817 and
GW190814, we disregard events that cannot be fit in the DES area. This selection leaves
us with 13 events to rotate. We find that a combination of these events could provide a
~ 30% improvement on the dark siren measurement of Hy. While this would be a sig-
nificant improvement, new events from the upcoming LIGO/Virgo (and KAGRA) runs
are expected to provide even more exciting results.

For the second type of simulation, we use BAYESTAR [17]. We inject BBH events out to
900 Mpc, assuming a rate that is uniform in comoving volume and a flat ACDM cosmol-
ogy with Hy = 70 km/s/Mpc and ©,,, = 0.286. We then consider LIGO /Virgo detections
of such events at design sensitivity (i.e., an O4 run, expected to start in ~ 2022). The
single detector SNR-threshold assumed is 4, while the network SNR-threshold is 12, and
a detection is only considered if it triggered at least two detectors. This selection pro-
duces a sample of 192 BBH. The real and simulated maps are rotated on a DES galaxy
at the redshift of the event, provided Hy = 70 km/s/Mpc in a flat ACDM scenario. The
position of the highest probability pixel is moved with respect to the assigned host by
an amount that follows the angular probability from the skymap fig. 2 shows the H)
posterior from the simulated BBH events, showing how after combining O(100) events
the input cosmology (dashed line) is recovered with 2-5% statistical precision. Such
sample of BBH events is expected to be available a few years-long run by LIGO/Virgo at
design sensitivity, so preliminary results of this kind could be be possible towards 2024—
2025. In combination with bright standard sirens [8, 18], the ~ 2% precision required to
understand the Hubble tension is expected to be reached within this time frame.

0.014 o

0.012 o

0010 o

0.008 o

0.006 o

0004 q B

0.002 o

0.000

20 40 60 80 100 120 140
Hy(km/s/Mpc)

Fig. 2. — Dark standard siren constraints forecast. Posterior probability for Hy from 200 BBH
events out to 900 Mpc from LIGO at design sensitivity, simulated on top of a DES-like galaxy
catalog. Grey lines are for single events, the black line is from the combination of all events.
The zoomed insert shows how, despite the apparent flatness of single event posteriors, they all
have support around the input value of Hy = 70 km/s/Mpc (vertical dotted line).
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3. — Probing the Universe’s growth of structure and gravity with peculiar
velocities and gravitational waves

Galaxies’ peculiar velocities arise from the motion of galaxies on top of the cosmo-
logical expansion of the Universe. They have been considered for standard siren mea-
surements ([15] and references therein), but only as a source of systematic uncertainty or
bias, since their contribution to the observed galaxies’ redshift needs to be subtracted in
order to recover the redshift due to the Hubble flow, which is what is needed in a stan-
dard siren measurement of the Hubble constant or the Hubble parameter. On the other
hand, peculiar velocities also carry important cosmological information, since they follow
the inhomogeneous clustering of large scale structure and the laws of gravity. In other
words, the peculiar velocity field is a probe of large-scale structure, of its growth, and of
the laws of gravity. There exist multiple ways of measuring the peculiar velocity field,
for example through redshift space distorsions (RSD), since peculiar velocities distort
correlations amongst galaxies along the line of sight. Another possibility is to consider
galaxies with a distance estimate, so that the Hubble flow at that distance is known (for
a given cosmology) and the peculiar motion can be measured. Distance estimates can
be recovered, amongst other methods, through the fundamental plane relation for ellip-
tical galaxies, the Tully-Fisher relation for spiral galaxies, or using Supernovae Type Ia.
In [19] we suggest to apply a similar method to measure the peculiar velocity field using
the distance estimate provided by gravitational wave sources, where an EM counterpart
is available to identify a unique host galaxy. We therefore consider the primary sources
of GW and EM emission for existing and upcoming GW experiments, binary neutron
star mergers. Current-generation GW detectors do not typically provide BNS distance
estimates below the ~ 10% precision, and they are not expected to be sensitive to BNS
mergers beyond ~ 300 Mpc. We thus concentrate our analysis to sources from next-
generation gravitational-wave experiments, such as the Einstein Telescope (ET [20]) and
the Cosmic Explorer (CE), which are expected to detect nearly all binary neutron star
mergers in the Universe and will provide distance estimates as precise as a few per cent
at the lowest redshifts.

In order to produce forecasts for the proposed method, we use the peculiar velocity
power spectrum, the overdensities power spectrum, and their cross-correlation. The
amplitude of overdensities scales with the growth factor D, whose evolution is governed by
the linear growth rate f = ‘élﬂ‘lg . The velocity field scales with the overdensity field with
a factor f, because of the conservation of mass. The peculiar velocity power spectrum is
therefore related to the overdensity power spectrum (in our work, we fix it at the time of
the CMB) as P,, « (fDu)?Pss(z = CMB). The growth of the structure also depends on
gravity: the linear growth rate scales as f ~ Q] for several gravity models, where  is the
growth index, and it depends on gravity [21,22]. For General Relativity (GR), and two
popular gravity models, f(R), and DGP gravity, v = 0.55,0.42,0.68, respectively [21,22].
It is therefore interesting to constrain v with a precision of o, /vy < 20% at 30 (i.e.,
30, ~ 0.1) to be able to discern between GR and the aforementioned gravity models
at ~ 99% confidence level (CL). Finally, the peculiar velocity power spectrum probes
gravity through v as

(1) FD = aoupQelecan HAma

where 2,,(a) is the matter density at a time ¢t when the Universe scale factor is a(t).
Given the relation between the peculiar velocity power spectrum and the overdensity
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power spectrum, the latter will also be sensitive to fD and to the growth index, and so
will their cross-correlation.

The same galaxies used for the estimating the peculiar velocity power spectrum, can
also be used as tracers of the Universe’s mass overdensities to estimate the overdensity
power spectrum. Because the number density of GW sources is much lower than that of
upcoming galaxy surveys like the Dark Energy Spectroscopic Instrument (DEST [23]) and
TAIPAN [24], we also consider cases where the overdensity power spectrum is estimated
through the DESI and TAIPAN galaxies, while the peculiar velocity field comes from
the GW sources (with measurements of the host galaxy redshift that could also come
from the same galaxy surveys). We use a Fisher matrix formalism to derive expected
constraints on fD and ~.

3'1. Growth of structure. — First, we compute the expected constraints on the growth
of structure assuming GR, so the growth index is fixed to 0.55. We normalize the growth
to the amplitude of clustering today, such that D(z) = 0g(z), and a constraint on fD is
easily translated into a constraint on fog. Our results for a 10 year Einstein Telescope
experiment with the configuration of [25] are o(fog)/fos = 0.0513, 0.0485, 0.0921 at
z = 0.05, 0.15 and 0.25, respectively. These results become even more competitive
when they are combined with the galaxies from DESI and TAIPAN for the overdensity
power spectrum, and they reach a ~ 3% precision at z < 0.2, as shown by the dark
triangles labeled ET BNS + TAIPAN/DESI in fig. 3. These constraints are competitive
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0.55 — TAIPAN/DESI RSD
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Fig. 3. — Expected constraints on the growth of large-scale structure parameters f(z)os(z)
using peculiar velocities from host galaxies of gravitational-wave events, assuming a 10-year
GW experiment made of 1 Einstein telescope. When the peculiar velocity power spectrum
using the GW hosts is combined with the overdensity power spectrum using galaxies from DESI
BGS+TAIPAN, we expect to obtain the constraints shown by the dark traingles, computed in
3 redshift bins out to z < 0.3. These constraints are competitive with those we expect from a
10 year SN survey. All the results represented by triangles are computed in [19]. The remaining
data points represent existing f(z)os(z) measurements from 6dF [26], WiggleZ [27], SDSS-II
LRG [28], SDSS-II Main Galaxy sample [29], BOSS [30], VIPERS [31] and eBOSS-CMASS [32].
We also report the forecast from [33] (black pentagon), who use a combination of GW and
PSCz galaxy survey data. The darker line is the theoretical prediction for f(z)os(z) in a Flat
ACDM Universe with v = 0.55 (GR), while the other curves show the theoretical prediction from
~v = 0.42 and v = 0.68 (which are the values predicted for f(R) and DGP gravity, respectively).
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with those we expect for a 10 year Supernova (SN) survey covering half of the sky, and
they significantly improve upon the DESI/TAIPAN-only constraints on fog at z < 0.2,
making the proposed probe with GW sources promising. Similar constraints can also be
recovered by a shorter GW experiment if a multiple detector network becomes available
(e.g., ~ 5 years for a 2 ET and 1 CE network).

3'2. Testing General Relativity. — Next, we let the growth index free and explore our
expected ability to constrain it with a 3G GW experiment. The darker line in fig. 3 is
the theoretical prediction for f(z)og(z) in a Flat ACDM Universe with v = 0.55 (GR),
while the other curves show the theoretical prediction from v = 0.42 and y = 0.68 (which
are the values predicted for f(R) and DGP gravity, respectively). From the figure, it is
clear that our ability to constrain gravity models with GW sources and peculiar velocities
should be useful in discerning different values of v, and therefore, different gravity models.

Figure 4 shows our forecasted uncertainty on ~y for different values of the luminosity
distance precision 0,4, /d. and of the BNS volumetric rates integrated over time, consider-
ing events out to zmax < 0.3. The results are valid for a 5 year GW experiment, assuming
the maximum a posteriori BNS rate of [34]. If the true value of the rate is closer to the
lower limit of the [34] 90% CI constraint, a longer time will be needed to achieve the
same results, and vice versa, if the true value of the rate is higher, better constraints
can be achieved in the 5-year time frame. The white stars in fig. 4 show the extent of
this rate variation. The value of o4, is the luminosity distance uncertainty recovered
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Fig. 4. — Expected constraints on the growth index « from peculiar velocity measurements using
BNS mergers from a 5-year 3G GW experiment. The constraints, shown by the gradient, are
plotted for different values of the distance precision, and as a function of BNS volumetric rates
integrated over time, considering events out to zmax < 0.3. The distance uncertainty oq4, is the
uncertainty at a distance d., which corresponds to z. = 0.1. The BNS volumetric rate assumed
is the maximum a posteriori value from [34] (1.09 x 107° x (h/0.679)* Mpc™ yr™!). The low
and high 90% CI limits on the rate are shown by the stars for a 5-year 3G GW experiment
having a distance precision of 1% at d.. The various boxes represent the regions of parameter
space where we expect future constraints to fall assuming various ET configurations. The white
triangle represents our expectations assuming the [25] approximation for 1 ET. We also show
the constraints expected for DESI RSD and for an LSST-like SN survey as in [35] (grey dashed
lines). Adapted from [19].
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from the GW data at a reference distance d, corresponding to z = 0.1. The uncertainty
o4, for each GW event scales with the event distance, and more distant events have a
worse precision. This is the reason why we only consider events thorugh zp.x < 0.3,
but our analysis shows that most of the constraining power for both the growth index
and the fog constraints comes from sources at z < 0.2 (as clear also from comparing the
constraints of fig. 3 in the first two redshift bins to the third one).

As mentioned above, an interesting constraint on - is one that lets us discern between
the gravity models predictions with a 30 confidence, and that is possible if o, < 0.04.
We therefore want to be in the bottom right portion of fig. 4, below the 0.04 black line.
Our results show that this constraint will be achieved with a 1 ET 5-year experiment
with the configuration of [25] (white triangle), and that a network made of 2 or 3 ET
can potentially reach a 0.03 precision on the growth index. This constraint can be
improved down to o ~ 0.02 when combined with galaxy overdensities. Our results are
competitive with other expected constraints, e.g., from DESI RSD and SNe peculiar
velocity, and are complementary to those probes. Our method is complementary to
DESI RSD as the constraints on the growth index are recovered from a lower redshift
range, and the complementarity is similar to that expected for peculiar velocities from
SNe Ia, as explained in detail in [35]. Gravitational waves also offer complementary
measurements to SNe: in the nearby Universe, 3G GW detectors are expected to reach
a distance precision that is not possible for SNe Ia because of their intrinsic scatter, and
can therefore be used to create the most precise maps of the nearby Universe.

4. — Conclusions

Synergies between large galaxy surveys and gravitational-wave experiments provide
extremely promising avenues to measure cosmological parameters. First, large galaxy
surveys are able to provide the positions of a large number of potential host galaxies
for a GW event, therefore providing the first ingredient necessary to optimize follow-up
strategies and increase the chances of finding electromagnetic counterparts. A large
galaxy survey, the DES, was in fact one of the collaborations that was able to discover
the first optical counterpart to a gravitational-wave event [2,36], and counterparts are
extremely valuable to recover cosmological parameters through the bright standard siren
method. Secondly, the same galaxies from large sky surveys can be used to infer cos-
mological parameters through the dark standard siren method for GW events without
an electromagnetic counterpart. Using LIGO/Virgo GW events, DES galaxies, and the
information available from the EM counterpart to GW170817, we present a state-of-the-
art standard siren measurement in [16], where we show that dark standard sirens can
provide significant improvement to bright standard sirens in the measurement of the
Hubble constant Hy, yielding Hy = 72.073% km s~ Mpc™!, provided that a complete
and uniform galaxy catalog is available at the location of the dark sirens. Using events
from the next LIGO/Virgo observing run, starting in ~ 2022, we expect that a 2-5%
statistical precision on Hy will be achieved from dark sirens only once O(100) nearby (at
a luminosity distance < 900 Mpc) are detected. In combination with bright standard
siren measurements of the Hubble constant from the same upcoming run, we expect
standard sirens to be a promising probe to shed light on the Hubble constant tension in
the coming years.

Future GW experiments also present the possibility of using GW sources to measure
the peculiar velocity field, derive constraints on the growth of large scale structure, and
test General Relativity. In [19] we show that data from a 10 year run of the Einstein
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Telescope, together with galaxies’ redshifts from DESI and TAIPAN (or any other spec-
troscopic galaxy survey providing redshifts for a similar number density of galaxies in
the Northern and Souther hemispheres), will provide a ~ 3% precision measurement of
fos. Moreover, data from a 5-year ET experiment (with the host galaxies’ redshifts) will
be able to constrain the growth index to o, < 0.04, which will allow us to confidently
test General relativity and make a distinction with other popular gravity models at the
~ 30 level.

As we prepare for the future of gravitational waves with next-generation GW detec-
tors, it is important that we exploit currently available GW data, while identifying the
needs of the next-stage Dark Energy experiments and digital sky surveys, which would
extremely benefit by the addition of standard sirens and multi-messenger probes.
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