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MASS GAP
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GW231123: 
m1 = 137 𝑀⊙, 𝑚2 = 103𝑀⊙
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Population properties inferred from observations
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CHE Pop III AGN disc

Costa G., et al., arXiv:2311,15778 
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Cosmological tensions and anomalies

Tensions (> 5𝜎):

a) Hubble tension 𝐻0 

b) Growth tension 𝑆8 = σ8
Ωm

0.3

0.5

Freedman, Wendy L., APJ  2021, 919, 1

Pantos, I., Perivolaropoulos, L., Phys.DU 2026 52
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Cosmological tensions and anomalies

Tensions (> 5𝜎):

a) Hubble tension 𝐻0 

b) Growth tension 𝑆8 = σ8
Ωm

0.3

0.5

Anomalies/Curiosities (3 − 5 𝜎):

• BBN Lithium anomaly

• Core-Cusp problem

• …

Freedman, Wendy L., APJ  2021, 919, 1

Pantos, I., Perivolaropoulos, L., Phys.DU 2026 52
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Hubble tension and standard sirens
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ℎ+,× 𝑡 ∝
ℳd

𝑑L(z|𝐻0, Ω0)

Assumption: Source-frame 
mass spectrum does not 

evolve with redshift 

⇒ 
A standard “ruler” to extract 

redshift information indirectly

Recent work from Agapito A., De Renzis V., Mancarella M. arXiv 2026 suggest a 
weak redshift evolution (systematic effect) within the current redshift reach.

ℳd = ℳS(1 + z)

Chen, H-Y., Ezquiaga, J.M., Gupta I., CQG 2024 41 12
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Motivations:
a) Test hints of redshift 

dependence
b) Progenitor-Remnant relation 

across the history of the 
Universe

c) New Physics?

Hall Evan D., Evans M., Classical and Quantum Gravity 2019, 36, 22
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Model details
1. SFRD computed with empirical relations from latest galaxy 

survey data (more flexible than cosmological simulations and 
consistent with recent JWST data)

2. Refined time delay distributions using simulations 
      (used SEVN but other pop synth codes can be used)
3.   High speed population model computation with JAX
      (necessary for population inference)

2time delay

Merger efficiency: varies with 
metallicity (e.g. winds) and 
with common envelope 
phase energy efficiency (CE 
hardening), formation 
channel (IB, YC, GC, NC)

Caveat: only isolated channel
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3.1 : Results



Model details
1. SFRD computed with empirical relations from latest galaxy 

survey data (more flexible than cosmological simulations and 
consistent with recent JWST data)

2. Refined time delay distributions using simulations 
      (used SEVN but other pop synth codes can be used)
      An Example of construction:

2time delay

Merger efficiency: Number of merging BBH 
within a Hubble time per unit star mass formed
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Costa G., et al., arXiv:2311,15778 
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Resulting models and ET forecast 
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Einstein Telescope detection function: selects 
parameters that can produce detectable events

Tobs = 1 yr
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Poisson contribution  

Antinozzi G. – INAF - IASF Milano – 27/05/2026 – 16/30 

The largest bias is given by an incorrect FMR 
relation (AM13 or Cu23) and less by the 
factorizations F0-1, unless the correct 
factorization is F2. 

The strong dependence on the factorization is a 
strong dependence on the time delay model 
which can determine a concerning bias in the 
estimates of the hyperparameters.
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Alternative SFRD model 
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We find ෤𝜎𝑍 ≤ 0.5 from matching the local merger rate from LVK to our models. If 
other channels are added to isolate binary, value up to 0.15 can be reached 
depending on 𝛼𝐶𝐸. 

This GW constrain is unfortunately in tension with galaxy formation requirements 
(M. Chruslinska, Annalen der Physik 536 (2024)) of ෤𝜎𝑍 > 0.5…

Sgalletta C., et al. A&A 698 144 2025 
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Local rates and stable mass transfer 
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𝛼𝐶𝐸 > 1 are required, especially when adding additional formation channels. 
Less CE systems and same order of SMT systems could be more appropriate to explain the merger rates.
The strong dependence on time-delay distribution suggests a revision of the criteria for unstable mass 
transfer.

Channel I: SMT before Compact 
Object formation, then > 1 CE
Channel II: only SMT
Channel III:  CE >1 before Cof, 
only one stripped star
Channel IV: Same but two 
stripped stars

F.S. Broekgaarden, et al., MNRAS 516 (2022) 5737
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𝒎𝟐 PISN gap
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The recent work from Tong H., et al., Nature 652 8111 2026 
showed the presence of a PISN gap in the secondary mass 
spectrum.
Motivation:
Primary BH PISN gap filled with 2G BHs, but mergers of 
2G+2G are very rare, hence if the 2G+1G are the only 
possibility and the 1G is the least massive, then m2 
spectrum should show signs of PISN gap.

2G should have very high spin wrt 1G, therefore there 
is a spin transition mass that informs on the 1G->2G 
transition; this is compatible with the m2 PISN gap 
lower limit
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Can the 𝒎𝟐 PISN gap depend 
on the cosmic SFR model?

1. The standard Madau 
Dickinson model 
reproduces the expected 
PISN cut from O4

2. A data driven cosmic SFR 
seems to produce a different 
PISN cut for the same common 
envelope efficiency -> 
Cosmological dependence

3. In our model we find a 
transition around 𝜶𝑪𝑬 = 𝟏
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𝜶𝑪𝑬 = 𝟏 transition?
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Interpretation: The data driven SFR gives 
a lot of weight to higher metallicities, and 
this feature gets picked up, differently 
from MD.

These systems survive because they can 
get really close by a double combination 
of low CE efficiency and double envelope 
ejection (double naked core system) 

Channel I: SMT before Compact 
Object formation, then > 1 CE
Channel II: only SMT
Channel III:  CE >1 before Cof, 
only one stripped star
Channel IV: Same but two 
stripped stars

F.S. Broekgaarden, et al., MNRAS 516 (2022) 5737
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Comparing extremes: PISN vs. No PISN

Antinozzi G. – INAF - IASF Milano – 27/05/2026 – 22/30 

4. Similarly to what was found by 
Olejak A., arXiv 2026, binary stellar 
evolution (different PISN 
prescriptions) influence the position 
of the PISN gap for 𝑚1.

However, it seems to be slightly 
insensitive to the position of the PISN 
cut in m2, therefore Cosmological 
model could be dominant over the 
𝟏𝟐𝐂(𝛂, 𝛄)𝟏𝟔𝐎 rate.



3

Stellar mergers in Young Star Clusters 

Antinozzi G. – INAF - IASF Milano – 27/05/2026 – 23/30 

Collaborator: Ugo Niccolò Di Carlo
Aim: run N-body simulations for a young stellar cluster to investigate IMF upper limits, 
initial conditions and formation pathways of the most massive R136 stars
Methods:
used PeTar latest version github.com/lwang-astro/PeTar a hybrid Nbody code: force of 
distant particles computed w/ Barnes-Hut tree algorithm, Hermite integrator for closer
particles, SDAR for close distance multiples
tested different initial conditions (SC of M=10^5 𝑀⊙, R = 0.8 pc):
2.1) 5 Kroupa mass upper limits (20, 50, 80, 100, 150) Msun
2.2) 10 realizations for 2 different density distributions (Spherical and Fractal w/ fractal
dimension 1.6) integrated up to 10 Myrs (actually 5 fractal realizations reach 10 Myrs, 
but 10 reach up to 2 Myrs)
Results: (in preparation)

http://github.com/lwang-astro/PeTar
http://github.com/lwang-astro/PeTar
http://github.com/lwang-astro/PeTar
http://github.com/lwang-astro/PeTar
http://github.com/lwang-astro/PeTar
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BH mass spectra 
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a) Simulations up to 10 Myr for 
a total of 50 (S) + 28 (F)

b) Heavier BHs formed with 
Fractal initial condition

c) w/ Fractal IMBH formed 
from 50 𝑴⊙ IMF limit, w/ 

Spherical only at 150 𝑀⊙ 

Next steps: 
1) check formation pathways of 
IMBHs 
2) increase statistics: run more 
simulations and for longer 
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Initial conditions and IMBH formation 
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IMF limit of 80 𝑀⊙ and 
Fractal gave the maximum 
yield of IMBH in each run

Generally more IMBH for 
Fractal IC and more massive 
BH masses formed

Even with more simulations 
(error bars) the same picture 
would hold
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IMBH in binaries 
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At 10 Myr we have only 3 
IMBH binary candidates, 1 
in a BBH
No NSBH binaries
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IMBH binaries 
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We have one hard binary of 
stellar BH - IMBH (F, 80 IMF):

GW inspiral time of 𝟏𝟎𝟓 Gyr…

It is located in the core of the 
star cluster and we expect 
repeated hardenings following a 
merger in 100-200 Myr

Two eccentric BH-star binaries:
MS - BH and CHeB - BH 
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BH binary status 
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Massive stars 
w/ 𝑀 > 100 𝑀⊙ are 
found only w/ Fractal IC 
at different IMF limits.
Stars in Spherical IC are 
mostly below 50 𝑀⊙ 

Understanding the 
formation and 
evolution of massive 
progenitors can give 
insights on R136 most 
massive stars.
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Simulation based population inference 
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Computing the hierarchical likelihood for the next generation is computationally 

expensive due to large data-parameter space:  𝑂 105 × 10 × 10

New methods are required: e.g. SBI (B.K. Miller, et al., Adv.NIPS 7, 2021)
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Simulation based population inference 
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Computing the hierarchical likelihood for the next generation is computationally 

expensive due to large data-parameter space:  𝑂 105 × 10 × 10

New methods are required: e.g. SBI (B.K. Miller, et al., Adv.NIPS 7, 2021)

Simulator: a code that produces data realizations x𝑗 given a set of hyper-

parameters Λ𝑗 , for j =1,…,R

1) Extract R Λs from a prior π(Λ) and construct the set 
{(x1, Λ1), … , (xR, ΛR)} these will behave as samples from 𝒑(𝒙, 𝜦)

2) Reshuffle randomly the samples in the set to obtain samples from 
marginals p(x) and p(Λ) 

3) Train a neural network that computes the marginal posterior-to-prior 
ratio (Swyft: github.com/undark-lab/swyft) 

r(x, Λ) =
𝑝 x, Λ

𝑝 x 𝑝 Λ
4) Reweight r by 𝒑 𝚲  and get posterior samples
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Simulation based population inference 
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