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ABSTRACT

We present a new measurement of the Hubble constant (H)) resulting from the first joint analysis of standard sirens with weak gravita-
tional lensing and galaxy clustering observables comprising three two-point correlation functions (3 X 2 pt). For the 3 X 2 pt component
of the analysis, we used data from the Dark Energy Survey (DES) Year 3 release. For the standard siren component, we used data
from the Gravitational-Wave Transient Catalog 4.0 released by the LIGO-Virgo-KAGRA (LVK) Collaboration. For GW170817, the
only standard siren for which extensive electromagnetic follow-up observations exist, we also used measurements of the host galaxy
redshift and inclination angle estimates derived from observations of a superluminal jet from its remnant. Assuming a flat A cold dark
matter model, our joint analysis yields Hy = 67.94j:;‘2 km s~ Mpc™!, a 6.4% measurement, while improving the DES constraint on
the total abundance of matter 2, by 22%. When the jet information is removed, the H, precision decreases to 9.9%. The measurement
of Hy remains a central problem in cosmology, with a multitude of approaches being vigorously pursued with the aim to reconcile
significantly discrepant measurements at the percent level. In light of the impending new data releases from DES and LVK, and antic-
ipating a much higher constraining power from 3 X 2 pt observables using newly commissioned survey instruments, we demonstrate

that incorporating standard sirens in the cosmology framework of large cosmic surveys is a viable route towards that goal.
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1. Introduction

The measurement of the present-day expansion rate, the Hubble
constant (Hy), poses an empirical challenge to the ACDM cosmo-
logical model. Hj values inferred from the early Universe through
analyses of the cosmic microwave background (CMB) data
under the ACDM assumption (Planck Collaboration VI 2020;
Louis et al. 2025; Camphuis et al. 2026) are in significant (X50°)
tension, with direct measurements obtained from late-Universe
observables such as type la supernovae (SNe Ia) calibrated using
the cosmic distance ladder (Riess et al. 2022). While many anal-
yses of the early- (Efstathiou & Gratton 2021; Hou et al. 2018)
and late-time (Casertano et al. 2025; Di Valentino & Brout 2024)
sides have been carried out to reconcile these measurements, the
problem persists.

Motivated by this scenario, we present a new measure-
ment of the Hubble constant resulting from an independent
analysis of multi-messenger observables. Our approach builds
upon the well-established multi-probe framework, known as
the 3 X 2pt analysis in the photometric survey commu-
nity (Abbott et al. 2022; Heymans et al. 2021; Miyatake et al.
2023). This framework combines the weak -lensing cosmic
shear 2-point correlation function (2PCF) (Secco et al. 2022;
Amon et al. 2022; Wright et al. 2025), which is sensitive to
the sum of baryonic and dark matter abundance (€,,) and
the amplitude of matter density fluctuations, with galaxy clus-
tering 2PCF (Rodriguez-Monroy et al. 2022) and the cross-
correlation of galaxy shear and position fields (Pratet al.
2022; Pandey et al. 2022; Porredon et al. 2022). We added
gravitational wave (GW) distance indicators known as stan-
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dard sirens (Holz & Hughes 2005) to the 3 x 2 pt observables.
These distance indicators are binary coalescence events that
are used for ACDM cosmological measurements (Abac et al.
2025a) with redshift information gathered from electromag-
netic (EM) counterpart observations (Abbott et al. 2017a), cat-
alogues of likely host galaxies (Soares-Santosetal. 2019;
Abbott et al. 2021; Finke et al. 2021; Palmese et al. 2023;
Mastrogiovanni et al. 2023; Bom et al. 2024; Mukherjee et al.
2024; de Matos et al. 2025), and the mass spectrum of the
binary population (Taylor et al. 2012; Ezquiaga & Holz 2022;
Abbott et al. 2023; Karathanasis et al. 2023). We also used
information from follow-up observations of the EM counter-
part of the standard siren GW170817 (Abbott et al. 2017b,c;
Mooley et al. 2018) that enhance its constraining power for cos-
mology (Hotokezaka et al. 2019). As neither standard sirens nor
the 3 X 2pt observables rely on the cosmic distance ladder,
this work shows that incorporating gravitational waves into the
multi-probe cosmology framework of large surveys is a viable
route to constrain Hj and thereby inform the ongoing debate.

2. Data

The DES is a grizY photometric survey that mapped 5000 deg?
of the southern sky from Cerro Tololo, Chile, using the Dark
Energy Camera (DECam; Flaugher et al. 2015) between 2013
and 2019. The DES Y3 data release includes the first three
years (Sevilla-Noarbe et al. 2021). We used the data vectors pub-
lished in Abbottetal. (2022)'. The weak-lensing signal was
extracted from a source galaxy sample drawn from a galaxy
shape catalogue (Gatti et al. 2021) comprising about 100 million
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galaxies, divided into four tomographic redshift bins up to z =
2, effective source density of n.y = 5.9 galaxies per arcmin?
and a shape noise of 0. = 0.26. Galaxy clustering was mea-
sured using the MAGLIM lens galaxy sample (Porredon et al. 2021,
2022), which contains 10.7 million galaxies split into six redshift
bins. Redshift distributions for the source and lens samples were
derived using self-organising maps (Giannini et al. 2024) and
the directional neighbourhood fitting method (De Vicente et al.
2016), respectively.

The LIGO-Virgo-KAGRA Collaboration (LVK) network of
observatories (Abac et al. 2025b) consists of two Laser Interfer-
ometer Gravitational-Wave Observatory (LIGO; Aasi et al. 2015)
detectors in the USA plus Virgo (Acernese et al. 2015) in Europe
and KAGRA (Akutsu et al. 2021) in Japan. These four detec-
tors are enhanced Michelson interferometers sensitive to grav-
itational waves in the ~10-1000 Hz band (Abac et al. 2025b).
The LVK realises observing runs in which one or more detectors
are operational. The fourth Gravitational-Wave Transient Cata-
log (GWTC-4.0; Abac et al. 2025b,c,d) comprises GW transient
candidates accumulated between the first observing run (O1) and
the end of the first part of the fourth observing run (O4a), which
ended in January 2024. The catalogue reports the inferred source
parameters under the hypothesis that these transients are caused
by GWs emitted by compact binary coalescence (CBCs). This
catalogue has been used to study the population properties of
CBCs (Abac et al. 2025¢) and to constrain late-time cosmolog-
ical parameters (Abac et al. 2025a). We used the data presented
in Abac et al. (20252a)%>. We took the posterior samples for Hy
and Q,, obtained using 142 CBCs out of the 218 GW candidates
included in GWTC-4.0. We specifically chose the subset of the
posteriors corresponding to the spectral sirens analysis, which
exclusively relies on the GW data. GW170817 (Abbott et al.
2017b,c) is the only GWTC-4.0 bright siren (i.e. a CBC with
a confirmed EM counterpart). To re-analyse GW170817 for
this work, we also used the injection files (Essick et al. 2025;
Abac et al. 2025¢) that were used to correct for GW selection
effects and the posterior samples for all its CBC parameters,
including the luminosity distance (dz) and the source inclination
angle (6,y).

The discovery of its EM counterpart (Abbott et al. 2017c¢)
means that a wealth of multi-messenger data on GW170817 is
available. This allowed us to supplement the GW data with infor-
mation derived from follow-up observations of the counterpart
itself, as well as with archival data such as the spectroscopic
redshift of the host galaxy, NGC 4993, and the velocity field
at its position. We used the host recession velocity v = 3327 +
72kms~! (Crook et al. 2007) relative to the CMB and the radial
peculiar velocity (v,) = 310 + 150kms™! (Carrick et al. 2015).
We also used the inclination angle constraint, 15° < i, < 29°,
obtained from observations of superluminal motion of the rem-
nant jet between 75 and 230days post-merger (Mooley et al.
2018; Hotokezaka et al. 2019).

3. Methods

In the 3 x 2 pt framework, cosmological information is inferred
from overdensity and shear fields constructed from observa-
tions of galaxy positions and shapes. Field-level information
is then compressed into the three 2PCFs shear-shear, galaxy-
galaxy, and galaxy-shear, which in turn can be jointly com-
pared to the cosmological model predictions (Krause et al. 2021;
Friedrich et al. 2021). The theoretical framework is comple-
mented with the modelling of known astrophysical and cali-

2 https://doi.org/10.5281/zenodo. 16919645 (Version v1).
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bration systematic effects, such as galaxy bias (Porredon et al.
2022), intrinsic alignment (Blazek et al. 2019), lens magni-
fication (Elvin-Poole etal. 2023), and redshift and galaxy
shape calibration (Cawthon et al. 2022; Giannini et al. 2024;
MacCrann et al. 2021). It also includes an analytical estimate of
the signal covariance (Krause & Eifler 2017; Fang et al. 2020).

We used the spectral siren results from Abac et al. (2025a).
We summarise their approach. The GW waveform produced by
a CBC with intrinsic mass M at redshift z is the same as that
from an otherwise equivalent system of intrinsic mass (1 + )M
at redshift zero. This degeneracy between source-frame mass
and redshift prevents us from directly obtaining the source red-
shift from the parameter estimation (PE) of a CBC transient.
However, redshift information can be obtained through the gen-
eral framework of Bayesian hierarchical inference (Mandel et al.
2019; Vitale et al. 2022). This framework assumes that single-
event CBC parameters are drawn from a population distribu-
tion. This distribution is described by a set of parameters that
are inferred jointly with the cosmological parameters of interest
and later marginalised over as nuisance parameters.

To obtain multi-messenger cosmological posterior samples
for GW170817, we started with the GW-only PE samples from
the LVK analysis in Abbott et al. (2019) and incorporated the
inclination angle information from Mooley et al. (2018) by run-
ning an importance sampling algorithm using the EM-derived
0;n range as an external flat prior. This procedure is similar to
the one followed by Hotokezaka et al. (2019) and assumes that
the jet emission is perpendicular to the orbital plane. The esti-
mated 6y range is weakly dependent on d;. We tested the effect
of this dependence in our analysis and found it to be negligible.

To achieve our multi-messenger cosmology results, we com-
bined the DES Y3 3 x 2pt observables with 142 LVK stan-
dard sirens (141 spectral sirens plus GW170817). In practice,
we combined posterior distributions, assuming they are inde-
pendent. The choice to use LVK posterior samples from the
spectral sirens method instead of the dark sirens method, which
constructs line-of-sight redshift priors from a galaxy cata-
logue, avoids systematic uncertainties arising from covariances
between the two types of probes, which would use overlap-
ping galaxy catalogues. The loss of constraining power due
to this choice is modest, as spectral sirens are much more
constraining than dark sirens in the GWTC-4.0 LVK cosmol-
ogy analysis (Abac et al. 2025a). In the 3 X 2pt and the stan-
dard siren cases, we inferred the cosmological parameters s, =
{Hy, Q,,} while marginalising over a set of nuisance param-
eters s,, which may include other cosmological parameters
and astrophysical or calibration parameters. We adopted H, €
[10, 2001 km s~ Mpc~! and Q,, € [0, 1] as priors.

For the 3 X 2 pt analysis, we assumed a Gaussian likelihood,

L(D|sc,sn) o exp {—%RTCOVIR}, 1)
with the column matrix R = D — T (s, s,,) and its transpose RT
obtained from D, the 2PCFs data vector, and T(s, s,,), their theory
prediction for a given model described by the parameter sets s
ands,, and with Cov being their covariance matrix. We introduced
two changes with respect to the DES Y3 work (Abbott et al. 2022).
First, instead of the priors listed in Table I of Abbott et al. (2022),
we imposed the above wider priors on Q,, and Hy. Second, we used
the NAUTILUS® (Lange 2023) nested sampler algorithm within the
CoSMOSIS?* (Zuntz et al. 2015) software infrastructure.

3 Configuration: n_1ive=10000, n_networks=16.
4 https://cosmosis.readthedocs.io/
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For the standard siren analysis, we assumed a hierarchical
Bayesian likelihood given by

N [0 L(Dgw,i10) T(Blsc, sn)
L(Dawlse.si) o | | &(se, 8n)

where Dgw is the ensemble of GW events data, Ny is the number
of GW detections used in the analysis, L(Dgw.il€) is the single-

event GW likelihood given the intrinsic single-event parame-
ters @ describing the binary, m(@|s.,s,) is the population prior,
and &(sc,s,) is a term that represents the expected fraction of
detected events in the population for a given set of cosmological
and population parameters; this term accounts for GW selection
effects. For the spectral siren analysis, we assumed the popula-
tion model FULLPOP-4.0 (Fishbach et al. 2020; Farah et al. 2022;
Mali & Essick 2025; Abac et al. 2025a), which includes a merger-
rate model with redshift evolution (Madau & Dickinson 2014)
and a mass model describing the neutron star and black hole mass
ranges. We refer to Table 5 of Abac et al. (2025a) for the LVK
priors. For the spectral sirens, we used the existing outputs of
the official LVK analysis. For GW170817, we also reran the H
inference using the d; posterior samples with added jet infor-
mation. We performed our GW170817 re-analysis of H, with
gwcosmo (Gray et al. 2020, 2022, 2023). The population prior
was assumed to be a uniform distribution in mass ([ 1, 3] M) with
merger-rate parameters fixed as in Abac et al. (2025a) and with
a velocity relative to the Hubble flow vy = 3017 + 166kms™!
obtained by subtracting the recession velocity and peculiar veloc-
ity of NGC 4993 (Abbott et al. 2017a). To facilitate combina-
tion later on, and noting that GW 170817 is at a very low redshift
(~0.01) and therefore is not sensitive to the 2, parameter, we aug-
mented the bright siren Hy samples by adding a prior-dominated
sample within the uniforminterval QQ,,, € [0, 1]. We then combined
the spectral and bright sirens posteriors to obtain the standard siren
posterior distribution, which we next combined with the 3 X 2 pt
posterior.

To evaluate the consistency of the posterior distributions
from 3 X 2pt and standard sirens, we computed the distance
between the medians of the Hj posteriors, expressed in units of
the combined standard deviation. We found a distance of 0.78c,
indicating good agreement between the two distributions. For
Q,,, this requirement is automatically satisfied because neither
spectral nor bright sirens place any significant constraints. After
verifying that the consistency criterion was met, we proceeded
with combining the posteriors.

We combined the posterior samples from the 3 x 2 pt and
spectral sirens analyses using the normalising flow method pre-
sented in Gatti et al. (2025), Raveri et al. (2024), as implemented
in tensiometer’. This approach assumes that the individual
posteriors are not mutually in tension, and that the priors on com-
mon parameters, Hy and Q,, are consistent.

, @

4. Results

Figure 1 shows our combined measurement as well as the con-
tributions of each major component. Table A.1 provides sum-
mary statistics including sub-components and alternative anal-
ysis choices. The 3 x 2 pt-only model yields a precision con-
straint of 17% on H,, while the standard sirens reach 7%.
When combined, the resulting precision is 6.4%, with Hy =
67.94*39kms™' Mpc™! (median and 68% credible interval).
When the jet properties of GW 170817 are excluded from the anal-
ysis, the precision in H, decreases to 15% from standard sirens

5 https://tensiometer.readthedocs.io/
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Fig. 1. Marginalised H, constraints from the 3 X 2pt analysis
(blue), the spectral sirens plus GW170817 analysis (red), and their
combination (black). The results obtained excluding the jet informa-
tion are also shown (dashed lines). The orange and green bands are
CMB (Planck Collaboration VI 2020) and SNe Ia (Riess et al. 2022)
constraints at the 68% credible interval.

alone and to 9.9% after combination. The added constraining
power of the 3 X2 ptis 10-30% depending on whether the jet infor-
mation is considered.

Table A.1 shows that the contribution of GW170817 to the
overall standard siren analysis is significantly dominant only
when the jet information is included. This is consistent with the
fact that the constraining power of GW170817 without incli-
nation angle information and the spectral sirens is similar for
this dataset (Abac et al. 2025a). The consistency between results
with and without the jet information (<10) is also notable. This
indicates that potential biases due to mismodelling of the jet or
misalignment between the jet-inferred angle and the true plane
of the binary (Miiller et al. 2024) are subdominant.

Figure 2 shows our results in the Hy—(,, plane. Summary
statistics for €, are also provided in Table A.1. While the stan-
dard siren analysis presented here is not sensitive to €, per se, its
combination with 3 X 2 pt has a significant effect in this plane. We
gauged the gain in constraining power due to 3 X 2 pt with the stan-
dard siren combination compared to the fiducial prior assumed in
the DES Y3 analysis (Abbott et al. 2022), which is narrower in H
(flat range [55, 91]1kms~! Mpc™') and Q,, (flat range [0.1, 0.9]).
The precision in Hj derived from the 3 X 2 pt with narrower priors
is 13% (see Table A.1). Therefore, in comparison to the fiducial
DES Y3 analysis (with tighter priors driven by external experi-
ments), the information injected from the combination with stan-
dard siren doubles the precision in Hy measurement. Notably, the
precision in the Q,, measurement also benefits from the combina-
tion of 3 X 2 pt and standard sirens, improving from 11% to 8.2%
(a relative improvement of 22%) compared to the DES fiducial
priors.

5. Conclusions

In this Letter, we presented the first measurement of the Hubble
constant from a combined probes analysis that integrates GW
standard sirens in the 3 X 2 pt framework of joint weak-lensing
and galaxy clustering analyses from cosmic surveys. We used
the DES Y3 source and lens galaxy catalogues and 142 GW
events from the LVK GWTC-4.0 catalogue: 141 spectral sirens,
for which redshift information was derived from the mass distri-
bution of its population, plus one bright siren, GW 170817, which
has a well-studied EM counterpart.

We measured Hy = 67.94*}30kms™ Mpc™" (6.4% preci-
sion). We further showed that a large fraction of the fiducial
constraint comes from the jet information, with the precision
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Fig. 2. Marginalised constraints on Hy and €, from the 3 X 2pt
(blue), the standard sirens (red), and the combination (black). The
results obtained without the GW 170817 jet information are also shown
(dashed). The contours show 1o~ and 20" credible levels.

decreasing to 9.9% when this was removed. Relative to the stan-
dard siren analysis alone, the 3 X 2 pt combination yields an
improvement of 10-30% on the H, uncertainties, depending on
whether the jet information is used. We also assessed the effect
of our joint analysis on €,. While the standard siren compo-
nent alone is uninformative over this parameter, the combination
leads to an improvement of 22% in the €2, uncertainties relative
to the DES Y3 3 x 2 pt result alone. This improvement demon-
strates that standard sirens have sufficient constraining power to
be informative when combined with 3 x 2 pt probes, similarly to
what is done with CMB, SNe Ia, or baryon acoustic oscillations.

This result bodes well for future analyses using new data
releases from DES and LVK in the near term as well as for the
next generation of observatories in the long run. Full combined
analyses, along the lines presented here, will leverage the com-
bined constraining power of GW and 3 X 2 pt to reach a percent-
level precision on Hj and advance the field of cosmology at a
faster pace than otherwise expected.
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Appendix A: Summary Statistics Table

Table A.1. H, and Q,, measurements.

\ Hy [km s™! Mpc’l] \ Q,,
3 x 2pt 62.80f}(1):‘2‘2 (60.02) 0.352ﬁ8:82f
Standard Sirens (w/o Jet) | 76.45*3%0% (76.78) -
Standard Sirens 68.954_’31;(5) (68.21) -
All (w/o Jet) 70.16*582 (69.10) | 03317003
All 67.94*33% (67.89)

0.338+0.0%8

3 % 2pt (w/ DES priors)
GW170817 (w/o Jet)
GW170817

65.1829% (58.03)

7847587 (69.15)

68.77+494 (68.58)

0.03
0.345i0'832

Notes. Values reported as the median and 68% credible interval of the
posterior probability distribution, accompanied by maximum a posteri-
ori (MAP) values in parenthesis. The top five rows correspond to the
results shown in the figures. The bottom three rows are analysis varia-

tions shown for comparison.
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