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~7% (~4σ) difference

cosmological obs.
(CMB, BAO, etc.)  

Hubble tension

nearby obs. 
(Cepheids + supernovae) vs

Freedman, ApJ (2021)



GWs from compact binaries are utilized 
for the measurements of distance and the
cosmic expansion rate. 

from obs. data

luminosity 
distance

GW amplitude

ḟ(t) / {(1 + z)Mc}5/3f11/3

GW phase

h(t) / {(1 + z)Mc}5/3f2/3

DL

Mz ⌘ (1 + z)Mc

DL

Lgw = �dEorbit

dt

Standard siren

Schutz, Nature (1986); Holz & Hughes, ApJ (2005)
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h, f, ḟ , f̈ , · · ·



Standard siren

If redshift is determined from
the EM observation of a host 
galaxy or an EM counterpart, 

z - dL relation (cosmic expansion 
history) is obtained. 
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Advantages of GW standard sirens:
luminosity distance

• No need of distance ladder. 
• Accurate cosmological observation tool.
• Consistency test of other observations.

Freedman & Madore,
Annu. Rev. Astron. Astrophys. 
(2010)



H0 = 70.0+12.0
�8.0 km/s/Mpc

(68.3% CL)

~17% precision

Measurement of the Hubble constant

LIGO-Virgo Collaboration + optical telescopes, Nature (2017)

dL ⇡ z

H0

GW obs EM obs.

dL = 43.8+2.9
�6.9 MpcGW170817



Observing runs

https://observing.docs.ligo.org/plan/ (as of Nov. 15, 2025)

NowGWTC-4

O1-O3: 90 events (84 BBH, 2 BNS, 4 NSBH)
O4a: 128 events (BBH, NSBH) LVK, arXiv:2508.18082 [GWTC-4]

GW170817

https://observing.docs.ligo.org/plan/


Different methods of standard sirens

 Bright siren (BNS & NSBH: GW170817)
Redshift is obtained from an electromagnetic counterpart   
(short GRB, kilonova, their host galaxy).

 Dark siren (BBH)
A redshift distribution is obtained statistically from galaxy 
catalogs.

 Spectral siren (BBH)
A redshift distribution is determined statistically to be 
consistent with the BH mass distribution observed. 

Dark siren and spectral siren can be applied to BBH. 



Dark siren

SDSS DR8 spectroscopic catalog 
(z < 0.1, 3.6 x 105 galaxies)

Given error volume                    for a single GW event,
a redshift distribution in the volume is obtained from 
a galaxy catalog.

With HLV, there are 280 galaxy 
candidates on average.

Del Pozzo, PRD (2012)

Schutz, Nature (1986)

With 50 GW events at z < 0.1 (like GW170817), 
H0 can be measured at 5% precision.



Sky localization in O3

GW190814 
(~18 deg2)
~100 galaxies

LVK, arXiv:2111.03604 [O3b, cosmology] typically O(104) galaxies



Sky localization in O4a

 10 best localized events during O4a obs.

 In O4a obs., only 2 LIGOs were running.
difficult to localize sources.

LVK, arXiv:2509.04348 [GWTC-4, cosmology]

Dark siren is not a good probe of the Hubble constant so far.



Spectral siren
Yu, Seymour+, ApJ (2022)

redshift



Spectral siren

Assuming 
a BH mass 
function

Yu, Seymour+, ApJ (2022)

redshift redshifted mass (               )
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= (1 + z)m(s)
1



BH mass functions from GWTC-4

LVK, arXiv:2509.04348
[GWTC-4, cosmology]

Observationally 
reconstructed mass dist.

NSs included



Dependence on BH mass functions

 Strongly depends on the BH mass function assumed.

 Particularly, the (POWER LAW + PEAK) model biases.

LVK, arXiv:2509.04348 [GWTC-4, cosmology]



Latest measurement of the Hubble constant

LVK, arXiv:2509.04348 [GWTC-4, cosmology]

 Dark siren and spectral siren are improved from the GWTC-3 
result, but the contributions are not significant yet.

 Determined almost solely by bright siren (GW170817).

(68% CL)

<latexit sha1_base64="ZpHIEumDqBdb4CX74aYaoqCGOVA="></latexit>

H0 = 76.6+13.0
�9.5 km/s/Mpc

including spectral siren
with FULLPOP-4.0

GW170817 (BNS)



Recent well-localized events

S250830bp

3.7 deg2 (90% CL)

S250813k

12 deg2 (90% CL)

S250727dc

15.4 deg2 (90% CL)

S250328ae

14 deg2 (90% CL)



 We do not need an electromagnetic transient, and can 
follow-up a host galaxy later and obtain the source redshift. 
(A galaxy catalog is NOT necessary.)

Identification of a unique host galaxy 

�⌦S

dL,min dL,max

Nishizawa, PRD (2017)
 If sky localization is very good, 
we can identify a unique host
galaxy in the error volume. 
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Nhost / �V / 1

SNR3

 It is possible to identify a unique host galaxy for the events 
at             (    400 Mpc) and                   .
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�⌦ . 1 deg2

1 gold event per 280 (170) events detected by HLV (HLVK) 



 GW standard sirens are expected as the third probe for 
resolving the Hubble tension.

Summary

 The bright siren is a robust probe, but we have only   
GW170817 so far.

 To avoid the systematic errors, "golden siren", which is a so-
well-localized event with a unique host galaxy, would play an
important role in the next (O5) observation.

 The dark and spectral sirens can be applied to BBH, but 
they contribute little to the measurement of the Hubble 
constant yet. Also the estimation bias would be problematic. 


