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014+02+03+04a = 218, O4b* = 105, 0O4c* = 68, Total = 391
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LIGO-G2302098(b84be9c4), updated on 18 November, 2025
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Population properties inferred from observations

B-SrLINE, GWTC-4.0

- BROKEN POWER LAw 4+ 2 PEAKS, GWTC-4.0
Power Law + Peak, GWTC-3.0

Skewnormal Effective Spin,
GWTC-4.0
Gaussian Effective Spins,

GWTC-3.0

].0_3 : T :Q‘i“j;.\
0 10
10°
] = B-SPLINE, GWTC-4.0
] | === BROKEN POWER LAW + 2 PEAks, GWTC-4.0 i I’
e | POWER Law + PEAk, GWTC-3.0 B N —R i
T PR ' - I
f— ]
>} - r r
°|°o I 7 07 i
S I ’
= The LIGO Scientific
& 100 - Collaboration, the Virgo
ge) Collaboration, the KAGRA
Collaboration, A.G. Abac, I.
10-1 Abouelfettouh F. Acernese
0 et al. ,arXive-prints (2025)
Xeff

Antinozzi G. s INAF- IASF Milano s 27/05/2026 s 3/30




103 5

o~

Population properties inferred from observations

1 astro-ph.HE] 26 May 2026

j - — D Q“‘l’ TATTD ﬂ‘x’r—ph A n

DRAFT VERSION May 27, 2026
Typeset using IXTEX twocolumn style in AASTeX631

GWTC-5.0: Population Properties of Merging Compact Binaries

THEe LIGO ScienTtiFic COLLABORATION, THE VIRGO COLLABORATION, AND THE KAGRA COLLABORATION

ABSTRACT

We present the population properties of merging compact binaries inferred using 267 mergers from the cumu-
lative Gravitational-Wave Transient Catalog 5.0. As this data set contains no new sources with a neutron star,
we primarily focus on the properties of the binary black hole mergers. We infer the merger rate of binary black
holes with component masses between 2.5 M, and 200 M, to be 27.5-49.4 Gpc™ yr~! (all intervals at 90%
credible levels) at redshift z = 0.2. We find evidence for a subpopulation of binary black hole mergers that host
a rapidly spinning black hole (dimensionless spins y ~ 0.7), consistent with signatures of hierarchical mergers.
We find that these occur at two mass scales, the first at primary masses ~ 10-20 My and the second above
~ 45 My, and we estimate their total rate at z = 0.2 to be 0.2-3.11 Gpc“3 yr‘l. We infer that, above 40 Mg, the
mass distribution of the less massive (secondary) black hole declines more steeply than that of the more massive
(primary) one. This is consistent with a flatter mass-ratio distribution and indicates the prevalence of unequal-
mass binaries with large primary masses. We find evidence for two features in the black hole mass spectrum:
a peak around 10 M, and a change of slope at around 35 M. Black holes of ~ 35 M, pair preferentially with
companions of similar mass. Additionally, we find that the effective inspiral spin distribution of binary black
holes is asymmetric about zero, based on which we infer that at least 9% of mergers occur in channels with some
preference for spin-orbit alignment. We find evidence that the effective inspiral spin distribution is broader for
unequal-mass binaries and that it also likely broadens with increasing redshift. Overall, our results support the
presence of multiple subpopulations of merging black holes that can potentially arise from different formation
pathways.
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BH Mass regimes

Barack L., et al., CQG 36 14 (2019)
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Cosmological tensions and anomalies

Hubble Constant Over Time
Freedman, Wendy L., APJ 2021, 919, 1
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Hubble tension and standard sirens
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Cosmology with Standard Sirens
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Cosmology with Standard Sirens

Binary Neutron Black Hole Neutron Binary Black Hole
Star (BNS) Star (BHNS) (BBH)

sravitatio %

GW +Kilonova NS Tidal
Bright Siren deformation +£0S

Abbott B. P. et al., LV collaboration .
’ ’ . Messenger and J. Read, Phys. Rev. Lett. 108, 09110 i i - i
Nature 2017, 551. 7678 | ove S|ren? g ys. Rev. Le Antinozzi G. s INAF- IASF Milano s 27/05/2026 s 8/30




Cosmology with Standard Sirens
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Spectral Sirens
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Spectral Sirens
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Spectral Sirens
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Recent work from Agapito A., Renzis/., Mancarella MarXiv2026 suggest a
weak redshift evolutiongystematic effec} within the current redshift reach.
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XG Forecasts

Motivations:

a) Test hints of redshift
dependence

b) ProgenitorRemnant relation
across the history of the
Universe

c) New Physics?
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Hall Evan D., Evans M., Classical and Quantum Gravity 2019, 36, 22
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Theoretical model

Binary Black Hole Merge AN
Rate Density. Piva (2)
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Theoretical model

Binary Black Hole Merge dN Convolution of Cosmic Star Formation Rate Density

Rate Density, W (Z) — and Merger Distribution
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Theoretical model
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Rate Density, W (Z) — and Merger Distribution
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Theoretical model

Binary Black Hole Merge dN Convolution of Cosmic Star Formation Rate Density
Rate Density. v (Z) ‘= and Merger Distribution
Data driven Star Formation Rate U Z Z
Density per unit metallicity | I T >z
—1 t t(z »t(2) — ¢t
to ( ) td ( ) d

log dpspr/dlog Z [Mg yr=t Mpce™ dex™!]
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Theoretical model

Binary Black Hole Merge dN Convolution of Cosmic Star Formation Rate Density
Rate Density. v (Z) ‘= and Merger Distribution
Data driven Star Formation Rate Ol ‘Z 35 >

Density per unit metallicity

/ dtd 8 d log Ld

Population synthesis of
Isolated binaries

log dpspr/dlog Z [Mg yr=t Mpce™ dex™!]
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Model detalls

1. SFRD computed with empirical relations from latest galaxy S
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survey data(more flexible than cosmological simulations an--- ooy
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Model detalls

early in the Universe

1. SFRD computed with empirical relations from latest galaxy

survey data(more flexible than cosmological simulations and e .
consistent with recent JWST data)
. . L . . . OO0 » oe »
2. Refinedtime delaydistributions using simulations 7

(used SEVN but other pop synth codes can be used)

/' volve /"]N'.J"}t.

time delay
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Model detalls

early in the Universe

1. SFRD computed with empirical relations from latest galaxy
survey data(more flexible than cosmological simulations and
consistent with recent JWST data)

. . R . . . OO0 » o0 »

2. Refinedtime delaydistributions using simulations 7
(used SEVN but other pop synth codes can be used) | L
An Example of construction: |

Z=0.37Zy,logZ = —2.3 <10
1.4 .
time delay
- 1.2 o
%
1.0 :3
| ©
=
0.8 —
: dp
0.6 fﬁ p— n(Z) d 1
e f 0g
=

Merger efficiency:Number of merging BBH
within a Hubble time per unit star mass formed
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Model detalls

early in the Universe

1. SFRD computed with empirical relations from latest galaxy

survey data(more flexible than cosmological simulations and " - o
consistent with recent JWST data)
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An Example of construction: A, -

—40 | time delay

Merger efficiency varies with
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dp with common envelope
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hardening, formation
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Model detalls

early in the Universe

1. SFRD computed with empirical relations from latest galaxy

survey data(more flexible than cosmological simulations and " - o
consistent with recent JWST data)
. . TN . . . OO0 » owe »
2. Refinedtime delaydistributions using simulations /o \\?\\

(used SEVN but other pop synth codes can be used)
An Example of construction:

—40 | time delay

Merger efficiency varies with
d metallicity (e.g.winds) and
14 with common envelope
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channel(IB, YC, GC, NIC

Caveat: only isolated channel
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Model detalls

early in the Universe 7 U

1. SFRD computed with empirical relations from latest galaxy
survey data(more flexible than cosmological simulations and
consistent with recent JWST data) .

2. Refinedtime delaydistributions using simulations ©° »/ ¢ & \\"\\
(used SEVN but other pop synth codes can be used) | I I

3. High speed population model computation with JAX \ | \
(necessary for population inference) | | -

—40 time delay

Merger efficiency varies with
d metallicity (e.g.winds) and
14 with common envelope

=

— —6.0 11

— phase energgfficiency(CE
S 65 alogiq hardening, formation

& 0 channel(IB, YC, GC, NIC

Caveat: only isolated channel
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Astreccosmoparameters

e

Ebind,i = ace AE b
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Astreccosmoparameters

a 2= Nyew \, Larger] : lower gas kinetic energy . more loose binaries than loyger
- longer GW merger time : less are observed within a Hubble time
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Astreccosmoparameters

hy « o< 1/dy, o< Hy
/ l \ HO /:>Ndet/

a 2= Nyew \, Larger] : lower gas kinetic energy . more loose binaries than loyger
- longer GW merger time : less are observed within a Hubble time
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Astreccosmoparameters

A 10 km ET-D

5.4 1

60 7IO 8I0 90 100
h_l_ax X 1/dL X HO Hy [km s~ 'Mpc™]

l \ HO/\:>Ndet/(

a 2= Nyew \, Larger] : lower gas kinetic energy . more loose binaries than loyger
- longer GW merger time : less are observed within a Hubble time
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J.1:/Results




Model detalls

early in the Universe

Costa G., et al., arXiv:2311,15778

1. SFRD computed with empirical relations from latest galaxy
survey data(more flexible than cosmological simulations and e - -
consistent with recent JWST data)

. . o . . . OO0 » oe »

2. Refinedtime delaydistributions using simulations 7 \\?\\
(used SEVN but other pop synth codes can be used) | L ||
An Example of construction: I
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Resulting models and ET forecast
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Resulting models and ET forecast
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4 pUO

I

Einstein Telescopaetection function selects
parameters that can produce detectable events
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