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1. The data: GWTC-4.0
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arXiv:2508.18080 (intro to GWTC-4.0)

arXiv:2508.18082 (GWTC-4.0 catalog paper)

arXiv:2508.18083 (astrophysical population)



a b c

GWTC-3
<latexit sha1_base64="ne8ZOkN9NRQHJmnfmFKPnBbCOyE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Jv2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhtZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1UvVq1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6IejXI=</latexit> }GWTC-4.0

<latexit sha1_base64="Z34hCEc5lZyneBUX21KdVXI6BhA=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0jSmtZb0YvHKrYW2lA22027dPPB7kYoof/AiwdFvPqPvPlv3LQVVPTBwOO9GWbm+QlnUlnWh1FYWV1b3yhulra2d3b3yvsHHRmngtA2iXksuj6WlLOIthVTnHYTQXHoc3rnTy5z/+6eCsni6FZNE+qFeBSxgBGstHTTnw3KFcs8b7jOmYMs07LqTtXNiVOvOVVkayVHBZZoDcrv/WFM0pBGinAsZc+2EuVlWChGOJ2V+qmkCSYTPKI9TSMcUull80tn6EQrQxTEQlek0Fz9PpHhUMpp6OvOEKux/O3l4l9eL1VBw8tYlKSKRmSxKEg5UjHK30ZDJihRfKoJJoLpWxEZY4GJ0uGUdAhfn6L/Sccxbdd0r2uV5sUyjiIcwTGcgg11aMIVtKANBAJ4gCd4NibGo/FivC5aC8Zy5hB+wHj7BAUWjbY=</latexit> } The data: GWTC-4.0 
Sept 2015-January 2024


O4a: May 24th, 2023 - January 16th, 2024
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+90 
events128 events

Total of 218 candidates in GWTC-4.0



Cosmology with GWs
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From the GW signal alone, we can estimate the distance to the source:
<latexit sha1_base64="4PzqkFfOZNboNlRmrlPhM7Q2k6s="></latexit>

dL / < hGW >�1 ⌧�1
coal f�2

GW



Cosmology with GWs

In the Big-Bang model, dL is related to cosmology.

In particular, assuming the flat 𝝠CDM model:

<latexit sha1_base64="Ee1sbWVMFEjMBMoKVrQrNd3WTx0="></latexit>

dL =
(1 + z) c

H0

Z z

0

dz0p
⌦m(1 + z0)3 + ⌦⇤

z⌧1⇡ c z

H0

We measure dL: any information on z provides constraints on H0

6

<latexit sha1_base64="T4d9xXcUyBLTQD9wGw9tXAxarr8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURqW6EopsuXFSwD2hCmEwm7dDJJMxMhDYEf8WNC0Xc+h/u/BunbRbaeuDC4Zx7ufceP2FUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/LeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eDvxO49ESBrzBzVKiBuhPqchxUhpyTMPG551jZ0zJxQIZ+M8C7y73DMrVtWaAi4SuyAVUKDpmV9OEOM0IlxhhqTs2Vai3AwJRTEjedlJJUkQHqI+6WnKUUSkm02vz+GJVgIYxkIXV3Cq/p7IUCTlKPJ1Z4TUQM57E/E/r5eq8MrNKE9SRTieLQpTBlUMJ1HAgAqCFRtpgrCg+laIB0jnoHRgZR2CPf/yImmfV+1atXZ/UanfFHGUwBE4BqfABpegDhqgCVoAgzF4Bq/gzXgyXox342PWumQUMwfgD4zPH/GZlO4=</latexit>

H0 = c
z

dL
given by the GW signal

redshift of the host galaxy

From the GW signal alone, we can estimate the distance to the source:
<latexit sha1_base64="4PzqkFfOZNboNlRmrlPhM7Q2k6s="></latexit>

dL / < hGW >�1 ⌧�1
coal f�2

GW



2. Analysis method
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Hierarchical bayesian inference

GW #1

<latexit sha1_base64="HQ5tfGC2R/sL/vUCmhXlVODNMj8="></latexit>0

BBBBBB@

m1,det

m2,det

dL
~s1
~s2
· · ·

1

CCCCCCA

GW #2

<latexit sha1_base64="HQ5tfGC2R/sL/vUCmhXlVODNMj8="></latexit>0

BBBBBB@

m1,det

m2,det

dL
~s1
~s2
· · ·

1

CCCCCCA

GW #n

<latexit sha1_base64="HQ5tfGC2R/sL/vUCmhXlVODNMj8="></latexit>0

BBBBBB@

m1,det

m2,det

dL
~s1
~s2
· · ·

1

CCCCCCA

first inference 
(parameter estimation, PE)


to estimate 𝝷, 11 parameters, the 
individual properties of each event

<latexit sha1_base64="r8W2eYnoFQcqPN4bL6QPXfDdmDA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9Wik0PTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66Lq16q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/ALHpjzo=</latexit>· · ·

second inference to estimate

the hyper-parameters 𝝠 describing the full population

<latexit sha1_base64="U4NpmPeoXs4awXsjr+yLQS+HvpQ=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSKkEEJSpbosunFZxT6gCWEynbZDJw9mJoUa8iFu/BU3LhRx40Lwb5y2EbT1wHAP59zLnXv8mBIuLOtLKaysrq1vFDdLW9s7u3vq/kGLRwlDuIkiGrGODzmmJMRNQQTFnZhhGPgUt/3R1dRvjzHjJArvxCTGbgAHIekTBIWUPPU01gMvtQ2eGbJWZa04Rqw7Y4xSnnm28cOqUr/V7yumaXpq2TKtGbRlYuekDHI0PPXD6UUoCXAoEIWcd20rFm4KmSCI4qzkJBzHEI3gAHclDWGAuZvOjsu0E6n0tH7E5AuFNlN/T6Qw4HwS+LIzgGLIF72p+J/XTUT/wk1JGCcCh2i+qJ9QTUTaNCmtRxhGgk4kgYgR+VcNDSGDSMg8SzIEe/HkZdKqmnbNrN2cleuXeRxFcASOgQ5scA7q4Bo0QBMg8ACewAt4VR6VZ+VNeZ+3FpR85hD8gfL5DUL/n5k=</latexit>

p(m1,s,m2,s) p(~s1,~s2)R(z)...

𝝠: H0, parameters describing the mass spectra...

15-20 parameters, jointly inferred
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<latexit sha1_base64="sg9xy3rOCS/nUnPJ6CcvXDILieI=">AAAB8HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1YtQ8KDHCvZD2lA220m7dHcTdidCCf0VXjwo4tWf481/47bNQasPBh7vzTAzL0wEN+h5X05hZXVtfaO4Wdra3tndK+8ftEycagZNFotYd0JqQHAFTeQooJNooDIU0A7H1zO//Qja8Fjd4ySBQNKh4hFnFK300MMRIO3zq3654lW9Ody/xM9JheRo9MufvUHMUgkKmaDGdH0vwSCjGjkTMC31UgMJZWM6hK6likowQTY/eOqeWGXgRrG2pdCdqz8nMiqNmcjQdkqKI7PszcT/vG6K0WWQcZWkCIotFkWpcDF2Z9+7A66BoZhYQpnm9laXjaimDG1GJRuCv/zyX9I6q/q1au3uvFK/yeMokiNyTE6JTy5IndySBmkSRiR5Ii/k1dHOs/PmvC9aC04+c0h+wfn4BqwJkFs=</latexit>

✓i =



Hierarchical inference

For a single CBC event:

Bright siren 
associated EM counterpart,

zGW=zhostEM, only 1 event since 
2015

Spectral siren 
structures in the detector-frame 
mass spectra, agnostic z prior

Dark siren 
structures in the detector-frame 
mass spectra, z from a catalog
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choice of models

(z, ms, spins, merger rate...)PE

marginalise over the

true (unkown) parameters


of the CBC

the denominator corrects for

the selection effect

<latexit sha1_base64="6VZywnhKzSWry2NbipDfm0M7kcY="></latexit>

L(xGW|⇤) /
R
L(xGW|z, ✓,⇤) p(z|⇤) p(✓|⇤) dz d✓R

⇢>⇢thr
p(det|z, ✓,⇤) p(z|⇤) p(✓|⇤) dz d✓

<latexit sha1_base64="2rT1FT5gev4yjpQd3spA/hmZ1oQ=">AAACG3icbVDLSsNAFJ34rPVVdekmWIR2YUmKVDdCUQQXChXsA5pYJpNpO3TyYOZGaGP+w42/4saFIq4EF/6N04egrQcGzpx7D/fe44ScSTCML21ufmFxaTm1kl5dW9/YzGxt12QQCUKrJOCBaDhYUs58WgUGnDZCQbHncFp3emfDev2OCskC/wb6IbU93PFZmxEMSmplimFucG9dKoOL8yeWSzng3OBg0LI8DF3hxd1AQnL78zu/SvKtTNYoGCPos8SckCyaoNLKfFhuQCKP+kA4lrJpGiHYMRbACKdJ2ookDTHp4Q5tKupjj0o7Ht2W6PtKcfV2INTzQR+pvx0x9qTse47qHO4op2tD8b9aM4L2sR0zP4yA+mQ8qB1xHQJ9GJTuMkEJ8L4imAimdtVJFwtMQMWZViGY0yfPklqxYJYKpevDbPl0EkcK7aI9lEMmOkJldIEqqIoIekBP6AW9ao/as/amvY9b57SJZwf9gfb5DaxJodo=</latexit>

p(z|⇤) = �(z � zEM
host)

uniform

comoving

<latexit sha1_base64="PrE7y8WLvTMQkSBdzbqQLHj+ysI=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqAglEaluhKIblxXsA9oQJpNJO3RmEmYmQg3Z+CtuXCji1s9w5984abPQ1gMXDufcy733+DElUtn2t1FaWl5ZXSuvVzY2t7Z3zN29jowSgXAbRTQSPR9KTAnHbUUUxb1YYMh8irv++Cb3uw9YSBLxezWJscvgkJOQIKi05JkHzBswqEaCpQFW2VXNOX08YZ70zKpdt6ewFolTkCoo0PLMr0EQoYRhrhCFUvYdO1ZuCoUiiOKsMkgkjiEawyHua8ohw9JNpw9k1rFWAiuMhC6urKn6eyKFTMoJ83Vnfqyc93LxP6+fqPDSTQmPE4U5mi0KE2qpyMrTsAIiMFJ0oglEguhbLTSCAiKlM6voEJz5lxdJ56zuNOqNu/Nq87qIowwOwRGoAQdcgCa4BS3QBghk4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz8th5Yl</latexit>

mdet = (1 + z)ms

<latexit sha1_base64="QRwQ94ik7ICXfXmPBnJioC7V0QA=">AAACHnicbVDLSsNAFJ34rPUVdekmWIS6KYlodVl048JFBfuAJoTJZNIOnSTDzERoY77Ejb/ixoUigiv9GydtFrX1wMCZc+/h3ns8RomQpvmjLS2vrK6tlzbKm1vbO7v63n5bxAlHuIViGvOuBwWmJMItSSTFXcYxDD2KO97wOq93HjAXJI7u5YhhJ4T9iAQEQakkVz9n1fGjfasMPjyxGY+ZjA074BCldgjlgIepn7VdlM18x5mrV8yaOYGxSKyCVECBpqt/2X6MkhBHElEoRM8ymXRSyCVBFGdlOxGYQTSEfdxTNIIhFk46OS8zjpXiG0HM1YukMVFnHSkMhRiFnurMdxTztVz8r9ZLZHDppCRiicQRmg4KEmqoCPKsDJ9wjCQdKQIRJ2pXAw2gykaqRMsqBGv+5EXSPq1Z9Vr97qzSuCriKIFDcASqwAIXoAFuQBO0AAJP4AW8gXftWXvVPrTPaeuSVngOwB9o37/Q3KQ4</latexit>

p(z|⇤) / dVc

dz

<latexit sha1_base64="1oJdexeAZpfF1DalT3qF8EbsuVI=">AAACFXicbVDLSgMxFM3UV62vqks3wSK0IGVGpLosiuBCoYJ9QKeUTCbThmYmIckI7Vg/wo2/4saFIm4Fd/6N6WOhrQcCh3PuJfccTzCqtG1/W6mFxaXllfRqZm19Y3Mru71TUzyWmFQxZ1w2PKQIoxGpaqoZaQhJUOgxUvd65yO/fkekojy61X1BWiHqRDSgGGkjtbOHIj+4d6/Mgo8KrpBcaA5F2w2R7sowubh+MJOI8c4wPyi0szm7aI8B54kzJTkwRaWd/XJ9juOQRBozpFTTsYVuJUhqihkZZtxYEYFwD3VI09AIhUS1knGqITwwig8DLs2LNByrvzcSFCrVDz0zObpWzXoj8T+vGevgtJXQSMSaRHjyURAzaJKPKoI+lQRr1jcEYUnNrRB3kURYmyIzpgRnNvI8qR0VnVKxdHOcK59N60iDPbAP8sABJ6AMLkEFVAEGj+AZvII368l6sd6tj8loypru7II/sD5/ANgyn0Q=</latexit>

p(z|⇤) / pEM catalog(z)

<latexit sha1_base64="PrE7y8WLvTMQkSBdzbqQLHj+ysI=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqAglEaluhKIblxXsA9oQJpNJO3RmEmYmQg3Z+CtuXCji1s9w5984abPQ1gMXDufcy733+DElUtn2t1FaWl5ZXSuvVzY2t7Z3zN29jowSgXAbRTQSPR9KTAnHbUUUxb1YYMh8irv++Cb3uw9YSBLxezWJscvgkJOQIKi05JkHzBswqEaCpQFW2VXNOX08YZ70zKpdt6ewFolTkCoo0PLMr0EQoYRhrhCFUvYdO1ZuCoUiiOKsMkgkjiEawyHua8ohw9JNpw9k1rFWAiuMhC6urKn6eyKFTMoJ83Vnfqyc93LxP6+fqPDSTQmPE4U5mi0KE2qpyMrTsAIiMFJ0oglEguhbLTSCAiKlM6voEJz5lxdJ56zuNOqNu/Nq87qIowwOwRGoAQdcgCa4BS3QBghk4Bm8gjfjyXgx3o2PWWvJKGb2wR8Ynz8th5Yl</latexit>

mdet = (1 + z)ms



Galaxy catalog for the dark sirens analysis
Use GLADE+ Dálya et al., MNRAS 479, 2374 (2018) and 514, 1403 (2022):


GLADE+, full sky, 22 millions of galaxies: GWGC, 2MPZ, 2MASS XSC, HyperLEDA, and 
WISExSCOSPZ galaxy catalogues, and the SDSS-DR16Q quasar catalogue


Choose the K-band (106 galaxies)

10ht
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Constructing the redshift prior using the GLADE+ catalog 
Dálya et al., MNRAS 479, 2374 (2018) and 514, 1403 (2022)
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unifo
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GW190814: dL ~ 230 Mpc



Constructing the redshift prior using the GLADE+ catalog 
Dálya et al., MNRAS 479, 2374 (2018) and 514, 1403 (2022)
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unifo
rm

 comovin
g

GW190814: dL ~ 230 Mpc

significant gain 
for close by and 

well-localised events!



3. Cosmological constraints with GWTC-4.0
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with GWTC-3: R. Abbott et al 2023 ApJ 949 76

with GWTC-4.0: arXiv:2509.04348



The data set: 142 CBCs, 141 dark sirens + the bright siren GW170817

using a False Alarm Rate < 1/ (4 years)

Two independent analysis pipelines:

• gwcosmo Gray et al, JCAP 12 (2023) 023, Gray et al,  MNRAS 512 (2022) 1127


• icarogw Mastrogiovanni et al, A&A 682 (2024) A167 Mastrogiovanni et al, PRD, 104, 062009

Sky localisation is worse during O4a 
(Virgo not running):


don't expect a large difference 
between the spectral/dark analyses

2509.04348v1

14

We combine their results



Choice of mass models:

Choice of a generic merger-rate model, Madau-Dickinson (SFR):

BBHs only

8 parameters

All CBCs

19 parameters

<latexit sha1_base64="nEfw0BnjD0eu+Ym7GA5aaHD8y5M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahIpRdkeqx6MVjBfsB3bVk07QNTbJLkhXq0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0c3Ubz1SpVkk7804poHAA8n6jGBjJb/snT2dPvgDLATuFktuxZ0BLRMvIyXIUO8Wv/xeRBJBpSEca93x3NgEKVaGEU4nBT/RNMZkhAe0Y6nEguognd08QSdW6aF+pGxJg2bq74kUC63HIrSdApuhXvSm4n9eJzH9qyBlMk4MlWS+qJ9wZCI0DQD1mKLE8LElmChmb0VkiBUmxsZUsCF4iy8vk+Z5xatWqncXpdp1FkcejuAYyuDBJdTgFurQAAIxPMMrvDmJ8+K8Ox/z1pyTzRzCHzifP8I4kOE=</latexit> (1
+
z)

�

<latexit sha1_base64="sT9N7qe5LsKY6vHDxj9v2rwTxsg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120i7dbMLuRqihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdP/WSXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFxyo3s</latexit>zp
<latexit sha1_base64="CF38UHkFSqq8eDpwydif7R/MAqg=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEilgSkeqx6MVjBfsBbSyT7aZdutksuxuhDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzLxCMKu26X1ZuZXVtfSO/Wdja3tkt2nv7TRUnEpMGjlks2wEowignDU01I20hCUQBI61gdDPzW49EKhrzez0WxI9gwGlIMWgj9exi2TudnDykZ90RCAHTnl1yK+4czl/iZaSEMtR79me3H+MkIlxjBkp1PFdoPwWpKWZkWugmigjAIxiQjqEcIqL8dH741Dk2St8JY2mKa2eu/pxIIVJqHAWmMwI9VMveTPzP6yQ6vPJTykWiCceLRWHCHB07sxScPpUEazY2BLCk5lYHD0EC1iarggnBW375L2meV7xqpXp3UapdZ3Hk0SE6QmXkoUtUQ7eojhoIowQ9oRf0ak2sZ+vNel+05qxs5gD9gvXxDYBukl8=</latexit>

(1 + z)�

Choice of the redshift prior: spectral or dark analysis
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Choice of the host galaxies/luminosity relation:

BBHs only

11 parameters

<latexit sha1_base64="P4g/g4UFsl0FW4m2mP4wvJeBDow="></latexit>

p(s|z) = R0  (z|�,, zp) = R0

⇣
1 + 1

(1+zp)�+

⌘
(1 + z)�

1 +
⇣

1+z
1+zp

⌘�+ Gpc�3 yr�1

3 parameters

<latexit sha1_base64="DbpCK9DyjqvEFYtwMOy4AlqCcps=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZkRqS6LXejCRQX7gE4pmTRtQzNJSDJCGevejb/ixoUibv0Ad/6NmXYW2nogcDjnXnLPCSSj2rjut5NZWl5ZXcuu5zY2t7Z38rt7DS0ihUkdCyZUK0CaMMpJ3VDDSEsqgsKAkWYwqiZ+844oTQW/NWNJOiEacNqnGBkrdfMFWfRDZIYqjIdCG8oHD9WL6uT++hj6UglpBPTslFtyp4CLxEtJAaSodfNffk/gKCTcYIa0bnuuNJ0YKUMxI5OcH2kiER6hAWlbylFIdCeehpnAI6v0YF8o+7iBU/X3RoxCrcdhYCeTw/W8l4j/ee3I9M87MeUyMoTj2Uf9iEEbMWkG9qgi2LCxJQgram+FeIgUwsb2l7MlePORF0njpOSVS+Wb00LlMq0jCw7AISgCD5yBCrgCNVAHGDyCZ/AK3pwn58V5dz5moxkn3dkHf+B8/gBdMpsy</latexit>

p(hosting CBC|L) / 1
<latexit sha1_base64="sNb1CZ4fZR4nRtdS785b6BnitVQ=">AAACDHicbVDLSgMxFM34rPVVdekmWIS6KTMi1WWxC110UcE+oFNKJk3b0EwSkoxQxrp346+4caGIWz/AnX9jpp2Fth4IHM65l9xzAsmoNq777Swtr6yurWc2sptb2zu7ub39hhaRwqSOBROqFSBNGOWkbqhhpCUVQWHASDMYVRK/eUeUpoLfmrEknRANOO1TjIyVurm8LPghMkMVxkOhDeWDh8plZXJfPYG+VEIaAat2yi26U8BF4qUkD1LUurkvvydwFBJuMENatz1Xmk6MlKGYkUnWjzSRCI/QgLQt5SgkuhNPw0zgsVV6sC+UfdzAqfp7I0ah1uMwsJPJ4XreS8T/vHZk+hedmHIZGcLx7KN+xKCNmDQDe1QRbNjYEoQVtbdCPEQKYWP7y9oSvPnIi6RxWvRKxdLNWb58ldaRAYfgCBSAB85BGVyDGqgDDB7BM3gFb86T8+K8Ox+z0SUn3TkAf+B8/gCGHptN</latexit>

p(hosting CBC|L) / L



H0 from GWTC-4.0
H0 posterior after marginalisation over 22 hyper-parameters (mass and rate models)

2509.04348v1
<latexit sha1_base64="3X9yyauDuUsLsTsZQtARRI3GY2A="></latexit>

H0 = 78.4+25.7
�12.0 km s�1 Mpc�1

GW170817 alone:

<latexit sha1_base64="+b5b01XhYl57Huz5rdAkQE9Nbwc="></latexit>

H0 = 81.6+21.5
�15.9 km s�1 Mpc�1

Dark sirens only:

Dark+bright sirens:

Spectral sirens only:
<latexit sha1_base64="pWY9rnL7XYPPWBfYWM/L7LxVbGk="></latexit>

H0 = 76.4+23.0
�18.1 km s�1 Mpc�1

<latexit sha1_base64="nm4tCMOhqAu137E8WAa7aVKPybI="></latexit>

H0 = 76.6+13.0
�9.5 km s�1 Mpc�1
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Modified gravity
Many modified-gravity models: 

➝ modify the GW propagation equation (friction)

➝ change the GW amplitude wrt GR

➝ change the attributed distance dLGW

The ratio dLGW / dLEM is a convenient probe of departures from GR.


We consider 2 parameterisations:

and
<latexit sha1_base64="/B/b/TRSDstPldSQZyv+kwg8Cuk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4EGPFewHtKFstpN26WYTdjdCCf0RXjwo4tXf481/47bNQVsfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbmt59QaR7LRzNJ0I/oUPKQM2qs1O51eN+98frlilt15yCrxMtJBXI0+uWv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7Wfzc6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDaz7hMUoOSLRaFqSAmJrPfyYArZEZMLKFMcXsrYSOqKDM2oZINwVt+eZW0LqperVp7uKzU7/I4inACp3AOHlxBHe6hAU1gMIZneIU3J3FenHfnY9FacPKZY/gD5/MHScSO6g==</latexit>

⌅0 = 1GR:

Horndeski gravity, running Planck mass

Phenomenological approach
(Belgacem, E., et al. 2019b, JCAP, 07, 024)

(Horndeski, G. W. 1974, Int. J. Theor. Phys., 10, 363)
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<latexit sha1_base64="IrA+RER0ziZyJr22mgXudrRWItk="></latexit>

dGW
L

dEM
L

=

(
⌅0 +

1�⌅0
(1+z)n

exp
⇣R z

0
cM dz0

E2(z0)(1+z0)

⌘

<latexit sha1_base64="Obyjoxu87n6fUjUycvErhKoZEgI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MWLUMG0hTaUzXbTLt1swu5EKKW/wYsHRbz6g7z5b9y2OWj1wcDjvRlm5oWpFAZd98sprKyurW8UN0tb2zu7e+X9g6ZJMs24zxKZ6HZIDZdCcR8FSt5ONadxKHkrHN3M/NYj10Yk6gHHKQ9iOlAiEoyilXzWu7tye+WKW3XnIH+Jl5MK5Gj0yp/dfsKymCtkkhrT8dwUgwnVKJjk01I3MzylbEQHvGOpojE3wWR+7JScWKVPokTbUkjm6s+JCY2NGceh7YwpDs2yNxP/8zoZRpfBRKg0Q67YYlGUSYIJmX1O+kJzhnJsCWVa2FsJG1JNGdp8SjYEb/nlv6R5VvVq1dr9eaV+ncdRhCM4hlPw4ALqcAsN8IGBgCd4gVdHOc/Om/O+aC04+cwh/ILz8Q0LJI4z</latexit>

cM = 0



Modified gravity

GR

Strong correlation with 𝛾 as the detectability of GWs can be due to a change of dLGW 
or to a change in the merger rate (𝛾 at low z):

18

1

[10;120]
[65;77]

<latexit sha1_base64="IwIWj2LUneHoDxSvQNvcwueRG60=">AAACA3icbVDLSgMxFM3UV62vUXe6GSxCi1BmRKrLohuXFewDOmPJpGkbmmRCkhHaseDGX3HjQhG3/oQ7/8a0nYW2HggczrmXm3NCQYnSrvttZZaWV1bXsuu5jc2t7R17d6+uolgiXEMRjWQzhApTwnFNE01xU0gMWUhxIxxcTfzGPZaKRPxWDwUOGOxx0iUIaiO17QNRUA+joi9kJHTkFLyTUfHO70HGYNvOuyV3CmeReCnJgxTVtv3ldyIUM8w1olCplucKHSRQaoIoHuf8WGEB0QD2cMtQDhlWQTLNMHaOjdJxupE0j2tnqv7eSCBTashCM8mg7qt5byL+57Vi3b0IEsJFrDFHs0PdmDom7aQQp0MkRpoODYFIEvNXB/WhhEib2nKmBG8+8iKpn5a8cql8c5avXKZ1ZMEhOAIF4IFzUAHXoApqAIFH8AxewZv1ZL1Y79bHbDRjpTv74A+szx+olZbo</latexit>

p(s|z) / (1 + z)�



Modified gravity

GR GR
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1

[10;120]
[65;77]

Strong correlation with 𝛾 as the detectability of GWs can be due to a change of dLGW 
or to a change in the merger rate (𝛾 at low z):

<latexit sha1_base64="IwIWj2LUneHoDxSvQNvcwueRG60=">AAACA3icbVDLSgMxFM3UV62vUXe6GSxCi1BmRKrLohuXFewDOmPJpGkbmmRCkhHaseDGX3HjQhG3/oQ7/8a0nYW2HggczrmXm3NCQYnSrvttZZaWV1bXsuu5jc2t7R17d6+uolgiXEMRjWQzhApTwnFNE01xU0gMWUhxIxxcTfzGPZaKRPxWDwUOGOxx0iUIaiO17QNRUA+joi9kJHTkFLyTUfHO70HGYNvOuyV3CmeReCnJgxTVtv3ldyIUM8w1olCplucKHSRQaoIoHuf8WGEB0QD2cMtQDhlWQTLNMHaOjdJxupE0j2tnqv7eSCBTashCM8mg7qt5byL+57Vi3b0IEsJFrDFHs0PdmDom7aQQp0MkRpoODYFIEvNXB/WhhEib2nKmBG8+8iKpn5a8cql8c5avXKZ1ZMEhOAIF4IFzUAHXoApqAIFH8AxewZv1ZL1Y79bHbDRjpTv74A+szx+olZbo</latexit>

p(s|z) / (1 + z)�



Conclusions
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• Our best constraint (68%) with GWTC-4.0 on H0 is 
<latexit sha1_base64="nm4tCMOhqAu137E8WAa7aVKPybI="></latexit>

H0 = 76.6+13.0
�9.5 km s�1 Mpc�1

•No departure from GR after tests on some modified gravity models

• Improvement vs GWTC-3: 60% better for the spectral analysis (~3.3x more events + 
better mass model)

• Not yet competitive with the CMB/Standard candles measurements

•UpGLADE: add Pan-STARRS DR2, PS-STRM, CatWISE, Legacy Survey, 
Duncan22, much more complete catalog

• Virgo was NOT participating in O4a: expect better constraints with O4b

This material is in part based upon work supported by NSF’s LIGO Laboratory which is a major facility fully funded by the National Science Foundation.



Backup
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The data: GWTC-4.0
Largest SNR so far: GW230814_230901


SNR = 42.4

https://arxiv.org/pdf/2509.07348
22



Modified gravity

23

90% CR



Huge impact of mass modelling

the PLP model is strongly 

disfavored by the Bayes factor


Small impact of luminosity 
weighting

<latexit sha1_base64="T0o9Da+sPMj22mej9gvjCG3zs8Q=">AAACBXicbVDLSgMxFM3UV62vqktdBIvQbsqMSHVZcKELCxXsAzpjyaSZNjQzCUlGKGM3bvwVNy4Uces/uPNvzLRdaOuBwOGce7k5xxeMKm3b31ZmaXlldS27ntvY3Nreye/uNRWPJSYNzBmXbR8pwmhEGppqRtpCEhT6jLT84UXqt+6JVJRHt3okiBeifkQDipE2Ujd/KIrqoVaCrpBcaA6vi7XSnUuEoiy1C3bZngAuEmdGCmCGejf/5fY4jkMSacyQUh3HFtpLkNQUMzLOubEiAuEh6pOOoREKifKSSYoxPDZKDwZcmhdpOFF/byQoVGoU+mYyRHqg5r1U/M/rxDo49xIaiViTCE8PBTGDJm5aCexRSbBmI0MQltT8FeIBkghrU1zOlODMR14kzZOyUylXbk4L1ctZHVlwAI5AETjgDFTBFaiDBsDgETyDV/BmPVkv1rv1MR3NWLOdffAH1ucPBs6Xrg==</latexit>

p(s|M) / L(M)✏

no weighting:

luminosity weighting:

<latexit sha1_base64="aaYWBc3XIyLGVvjkE2wc95wccEE=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YtQ8KDHCvYD21A220m7dLMbdjdCCf0XXjwo4tV/481/47bNQasPBh7vzTAzL0w408bzvpzCyura+kZxs7S1vbO7V94/aGmZKopNKrlUnZBo5Exg0zDDsZMoJHHIsR2Or2d++xGVZlLcm0mCQUyGgkWMEmOlhx4mmnEprrx+ueJVvTncv8TPSQVyNPrlz95A0jRGYSgnWnd9LzFBRpRhlOO01Es1JoSOyRC7lgoSow6y+cVT98QqAzeSypYw7lz9OZGRWOtJHNrOmJiRXvZm4n9eNzXRZZAxkaQGBV0silLuGunO3ncHTCE1fGIJoYrZW106IopQY0Mq2RD85Zf/ktZZ1a9Va3fnlfpNHkcRjuAYTsGHC6jDLTSgCRQEPMELvDraeXbenPdFa8HJZw7hF5yPb0f2kLE=</latexit>

✏ = 0
<latexit sha1_base64="aHil3IX9Ehkblvm5UcyY+vdq/x4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YtQ8KDHCvYD21A220m7dLMbdjdCCf0XXjwo4tV/481/47bNQasPBh7vzTAzL0w408bzvpzCyura+kZxs7S1vbO7V94/aGmZKopNKrlUnZBo5Exg0zDDsZMoJHHIsR2Or2d++xGVZlLcm0mCQUyGgkWMEmOlhx4mmnEprvx+ueJVvTncv8TPSQVyNPrlz95A0jRGYSgnWnd9LzFBRpRhlOO01Es1JoSOyRC7lgoSow6y+cVT98QqAzeSypYw7lz9OZGRWOtJHNrOmJiRXvZm4n9eNzXRZZAxkaQGBV0silLuGunO3ncHTCE1fGIJoYrZW106IopQY0Mq2RD85Zf/ktZZ1a9Va3fnlfpNHkcRjuAYTsGHC6jDLTSgCRQEPMELvDraeXbenPdFa8HJZw7hF5yPb0l6kLI=</latexit>

✏ = 1
<latexit sha1_base64="oW7SbQPm6Abs3E9qnl1mNHjgWDA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIWkSnUjFF3osoJ9QBPCZDpth04yYWYilBA3/oobF4q49S/c+TdO2iy09cCFwzn3cu89QcyoVLb9bZSWlldW18rrlY3Nre0dc3evLXkiMGlhzrjoBkgSRiPSUlQx0o0FQWHASCcYX+d+54EISXl0ryYx8UI0jOiAYqS05JsHLuNDP3XszA2RGmHE0qvssmad+mbVtuwp4CJxClIFBZq++eX2OU5CEinMkJQ9x46VlyKhKGYkq7iJJDHCYzQkPU0jFBLppdMPMnislT4ccKErUnCq/p5IUSjlJAx0Z36mnPdy8T+vl6jBhZfSKE4UifBs0SBhUHGYxwH7VBCs2EQThAXVt0I8QgJhpUOr6BCc+ZcXSbtmOXWrfndWbdwUcZTBITgCJ8AB56ABbkETtAAGj+AZvII348l4Md6Nj1lryShm9sEfGJ8/bgiWQQ==</latexit>

log10 B = 2.3

no significant evidence for CBCs to occur in 
more luminous galaxies in the present data

24



Dark siren, GR, eps=1



Dark siren, GR, eps=1

<latexit sha1_base64="enUevNJ8yJIdX4CsLGbSLhkohio=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQhJKoVDdC0U0XLirYB7QhTCaTduhMEmYmQg35EDf+ihsXirhxIfg3TtssbOuBgXPPuZc793gxo1JZ1o9RWFpeWV0rrpc2Nre2d8zdvZaMEoFJE0csEh0PScJoSJqKKkY6sSCIe4y0veHN2G8/ECFpFN6rUUwcjvohDShGSkuuecZdedULBMIpd/0stU8es9l6WtRdC/rubZbiLHPNslWxJoCLxM5JGeRouOZXz49wwkmoMENSdm0rVk6KhKKYkazUSySJER6iPulqGiJOpJNOjsvgkVZ8GERCv1DBifp3IkVcyhH3dCdHaiDnvbH4n9dNVHDppDSME0VCPF0UJAyqCI6Tgj4VBCs20gRhQfVfIR4gHYbSeZZ0CPb8yYukdVqxq5Xq3Xm5dp3HUQQH4BAcAxtcgBqogwZoAgyewAt4A+/Gs/FqfBif09aCkc/sgxkY379IRaIg</latexit>

ms =
md

1 + z
=

md

1 + H0dL
c

we measure md and dL

if H0 decreases, it gives a larger ms (𝝻 increases)

if H0 increases, it gives a larger ms (𝝻 decreases)



Spectral sirens - GR



Spectral sirens - GR



Robustness tests
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fixed pop model

fixed pop model
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The current result corresponds to a marginalisation over all population and rate parameters, 
contrary to Abbott et al 2023 (47 CBCs only but using a fixed population and rate model)



The Line of Sight redshift prior: the full expression

if no evolution of the mass models with z, 
discard the Lambda-mass

Lambda-rate appears in p(s|z,M...)

Lambda-cosmo appears in the m, M, z 
conversion

https://doi.org/10.48550/arXiv.2308.02281


https://doi.org/10.48550/arXiv.2308.02281

