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LVK publications:
https://pnp.ligo.org/ppcomm/Papers.htmi



1. The data: GWTC-4.0

arXiv:2508.18080 (intro to GWTC-4.0)
arXiv:2508.18082 (GWTC-4.0 catalog paper)
arXiv:2508.18083 (astrophysical population)



GWTC-4.0
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LIGO-G2302098(85d3a4e6), updated on 29 September, 2025

The data: GWTC-4.0

Sept 2015-danuary 2024
O4a: May 24th, 2023 - January 16th, 2024

01+02+03+04a = 218, O4b* = 105, O4c* = 54, Total = 377

*0O4b and O4c entries are preliminary candidates found online.
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Total of 218 candidates in GWTC-4.0

Credit: LIGO-Virgo-KAGRA Collaboration



Cosmology with GWs

From the GW signal alone, we can estimate the distance to the source:
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Cosmology with GWs

From the GW signal alone, we can estimate the distance to the source:
—1 —1 —2

In the Big-Bang model, d. is related to cosmology.
In particular, assuming the flat ACDM model:

; 1—|—z / 2! 21 €2
= S ——
\/Q (1+ 2")° 4 Qx Hy

We measure di: any information on z provides constraints on Ho

> redshift of the host galaxy

H() — C —
\ given by the GW signal

dr,



2. Analysis method



Hierarchical bayesian inference

) p(51, 52) R(2) second inference to estimate
; the hyper-parameters /\ describing the full population

N Ho, parameters describing the mass spectra...
15-20 parameters, jointly inferred

111 det M1 det

M2, det M2 det first iInference
dr, dr (parameter estimation, PE)
S1 ¢ o @ S1 to estimate 0, 11 parameters, the
52 52 individual properties of each event




Hierarchical inference

marginalise over the
true (unkown) parameters

choice of models
For a single CBC event: PE\ (z, ms, spins, merger rate...) of thex C\B<C

| L(zawlz,0,A) p(z|A) p(B]A) dz db

L(xaw]|A)

[~ p(det|z,0,A) p(z|A) p(6]A) dzdb
P= Pthr
\ the denominator corrects for
the selection effect
Bright siren Spectral siren Dark siren
associated EM counterpart, structures in the detector-frame structures in the detector-frame
ZGW=znostEM, Only 1 event since mass spectra, agnostic z prior mass spectra, z from a catalog
2015 _
p(Z|A) — 5(2 - Ziqost) Jniform dV
p(Z‘A) X - p(Z‘A) X PEM Catalog(z)

comoving

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

GLADE-+, full sky, 22 millions of galaxies: GWGC, 2MPZ, 2MASS XSC, HyperLEDA, and

WISExSCOSP/Z galaxy catalogues, and the SDSS-DR16Q quasar catalogue

Choose the K-band (106 galaxies)

https://arxiv.org/abs/2509.04348

—30°

—60°

GW230627 015337
GW230628 231200
GW230731_215307
GW230919.215712
GW230922 020344

13.00 13.50 14.00

m
10 thr

GW230927-153832
GW231110.040320
GW231206_233901
GW231224 024321
GW231226.101520




Constructing the redshift prior using the GLADE+ catalog

Délya et al., MNRAS 479, 2374 (2018) and 514, 1403 (2022)

GW190814: d. ~ 230 Mpc
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dec (degq)
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Constructing the redshift prior using the GLADE+ catalog

Délya et al., MNRAS 479, 2374 (2018) and 514, 1403 (2022)

GW190814: d. ~ 230 Mpc
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3. Cosmological constraints with GWTC-4.0

with GWTC-3: R. Abbott et al 2023 Apd 949 76
with GWTC-4.0: arXiv:2509.04348

13



The data set: 142 CBCs, 141 dark sirens + the bright siren GW170817
using a False Alarm Rate < 1/ (4 years)

2509.04348v1

1.0
= ' 014+02+03+04a (142)
£ 0.8 O4a (76)
2
Sky localisation is worse during O4a =
(Virgo not running): ~ 0.6
don't expect a large difference 2
between the spectral/dark analyses s 0.4
-
=
6 0.2
0.0 L
10" 10 103 10

A oo [deg2]

Two Independent analysis pipelines:

¢ WCOSIMO G t al, JCAP 12 (2023) 023, G t al, MNRAS 512 (2022) 1127 . .
J ay eta (2029) 023, Gray et a (2022) — We combine their results

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

14



POowER LAwW + PEAK MuLTi PEAK FuLLPor-4.0
ﬂ Power BBHs only Power BBHs only Power All CBCs
— Law 8 parameters Law 11 parameters Law 19 parameters
Choice of mass models: = .
= Peak 1 Dip peak1 Peak 2
\E, Peak
=8
Peak 2
NSs BHs k
my (M) my (M) my [Mg)
Choice of a generic merger-rate model, Madau-Dickinson (SFR): ’. / \
1 ] N &
() b B s\
= RovY(z|v,k,2p,) = R Gpc™° yr— ‘\’/ L\
p(S|Z) 0 Y, K, D 0 N+ K p y 0101~k ' 2
] 4 (L2 <~/ i Ny
142z, 0.05 1 N : \\3 ~4
3 parameters | / —
o ; 1 : \ 0
Z
Choice of the redshift prior: spectral or dark analysis
Choice of the host galaxies/luminosity relation: p(hosting CBC|L) o 1
p(hosting CBC|L) x L

15




Ho from GWTC-4.0

Ho posterior after marginalisation over 22 hyper-parameters (mass and rate models)

0.040 ...................................
[ 2509.04348v1 S
. allC .
0030 ~ SHOES ' Hoy = 7841257 km s~ ! Mpe™!
‘ Bright siren |
—.0.030 ight sirc | |
S — Spectral sirens -~ Dark sirens only:
HU) 0025' - Dark sirens - HO _ 8161—?%8 km S—l Mpc—l
lE — Dark + bright sirens | |
=.0.020- - :
=  Spectral sirens only:
) . _
== 0.015- - Hy=76.4773Y km s™! Mpc™!
E ] !
=y
0.010 : :
Dark+bright sirens:
0.005 Hy = 76.673%% km s~ Mpc ™!
0.000 -

20 40 60 80 100 120 140 160 180 200
Hy [kms™' Mpc ™!
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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 d GW

The ratio d.GW/d.EM js a convenient probe of departures from GR.

We consider 2 parameterisations:

— 1—= Phenomenoloqgical approach
d%W :a() I (1_|_Z)On (Belgacem, E., et al. 29019b, JCAFF?,Fg?, 024)
EM — ~ cy dz’ Horndeski gravity, running Planck mass
dL CXP (f() Ez(z’)(l—l—z’)) (Horndeski, G.ng. 1974, IXt.J.Theor. ngs., 10, 363)

GR: =Z;=1 and cj;y = 0

17



Modified gravity

- Wide Hyprior [10;120]
I Narrow Hy-prior [65;77]

;;;;;;;;;;;;;;;;;;;

0.0 25 50 75
Y

Strong correlation with y as the detectability of GWs can be due to a change of d GW
or to a change in the merger rate (y at low z): p(s|z) < (1 + z)”
18




Modified grawty

AAAAAAAAAAA

B Wide Hy-prior
B Narrow Hj-prior

- I Wide H-prior [‘I O; 120]
. B Narrow Hyprior [69; 77]

5 0 5 10

1 2 A 0.0 25 50 7.5
=0 Y CMm Y

Strong correlation with y as the detectability of GWs can be due to a change of d GW
or to a change in the merger rate (y at low z): p(s|z) < (1 + z)”
19



Conclusions

e Our best constraint (68%) with GWTC-4.0 on Hois  Hy = 76.61%?’5'0 km s~ 1 Mpc_1

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

e Not yet competitive with the CMB/Standard candles measurements

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

¢ \/irgo was NOT participating in O4a: expect better constraints with O4b

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

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.

20






The data: GWTC-4.0

Frequency [Hz]

Onoise

Largest SNR so far: GW230814_230901
SNR =42.4

2 4 6 8 10 12 14

500

100

N
-

0- |
, R
\/\/W\/\/\M/\/\/VV\U M

—0.4 —0.3 —-0.2 —0.1 0.0 0.1 0.2
t—t 1o [S]

—10 -

https://arxiv.org/pdf/2509.07348
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Modified gravity

---- GR
- Wide Hy-prior
.| Narrow Hy-prior

=o—n parametrization

-

---- GR
- Wide Hy-prior
| Narrow Hy-prior

)y parametrization
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Impact of mass modelling

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Impact of luminosity weighting

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

0.025

Planck
"270.020- SHOES
S — PLP
o MLTP
lE 0.0151 — FuLLPoOP-4.0
=4,

-~ i
~0.010+

Hol{

\50.005{

0000t _ __ | e —
20 40 60 80 100 120 140 160

Hy kms~!Mpc™]

180

Huge impact of mass modelling
the PLP model is strongly
disfavored by the Bayes factor

loglO B — 23

24

Planck
SHOES
= = No weighting
/ == [ uminosity weighting

vvvvvvvvvvvvvvvvvvvvvvvv

40 60 80 100 120 140
Hy [kms~! Mpc™]

160 180 20()

Small impact of luminosity
weighting

p(s|M) o< L(M)*
no weighting: € = 0
luminosity weighting: € = 1

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



Dark siren, GR, eps=1
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Dark siren, GR, eps=1

g g
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Spectral sirens - GR
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Spectral sirens - GR
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Robustnhess tests

.| Dark sirens - Spectral sirens
N 1 N M M 1 " 4 N 1 M M 4 1 N M M

1 N M M 1

I e =
Fiducial — |
No-weighting - :
Varying €y, - e =
Varying wy - ——— =
No threshold on neg inj - H— =
Neftinj > 2000 - H—— =
No threshold on neg pg - H— =
Neg pE > 50 - R %
Log-likelihood variance < 1 - —— |
4() 60 80 100 120 140 160 180

Hy [kms™' Mpc ']
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Bright siren =~ === Dark + bright sirens w=== Spectral + bright sirens

l ' A A L l A A A A l A A A A l A A A A l A A A A l L L " A l A A A A l

This work - -
Abbott et al. 2021 (1\’\ 170817+01+02 [7 CBCs| :
1o Vol 909, No3 - fixed pop maodel
GW170817+014+02+03 (43 CBCs|
Abbott et al. 20237 - 17081W -
ApJ, Vol. 949, No2 | " L et R Ml fixed DOp model :
Mastrogiovanni et al. 2023 GW170817401402+03 [43 CBCs]
PRD, Vol. 108 | S R P | Planck i
Gray et al. 2023 C’\P\"l’w%()‘z—w‘ﬂ , Ade et al. 2016 i
JCAP, Vol. 12 ) ; Aetvoi c04
GWI17 )bl7+()l—+—() 2+034-04a (142 CBCs| SHOES
This work GW 170817+ 01402+ 03+ Oda 142 CBCs] P
- e | pJL, Vol. 9 -

l o} L} Ll L2 ' L] L Ll . ' Ll 1 A L] l

60 70 30 00 100 110 120 130
Hp [kms~! Mpc™]

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)

30



The Line of Sight redshift prior: the full expression

|Z M(Z mkaA)aAal)

+ (@[zcut . / p(z, MIA, Dp(s|z, M, A, T) dM
M (z,mn(92;),A)
Mmax(HO) i
—I—@[z—zcut]/ p(z, M|A, I)p(s|z, M, A, I) dM) .
Mmin(HO)
https://doi.org/10.48550/arXiv.2308.02281 3.0 -
— Nmap =
Nmap = 64
2.5 1
> 2.0 -
A = {ACOSIII07 Amassa Arate} ©
If no evolution of the mass models with z, §
discard the Lambda-mass N
Lambda-rate appears in p(s|z,M...) S
Lambda-cosmo appears in the m, M, z <
conversion

0.02 0.04 0.06 0.08 0.10 0.12 0.14
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