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01 (3) + 02 (8) + O3a (44) + O3b (35) + O4a (139) + O4b (161) = 390, O4c* = 68, Total = 458

*O4c entries are preliminary candidates found online. ' " -
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LIGO-G2302098 (f244d4f6), updated on 25 May, 2026 Credit: LIGO-Virgo-KAGRA Collaboration

https://dcc.ligo.org/LIGO-G2302098



The era of population analysis
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LIGO-Virgo-KAGRA Collaboration, arXiv:2605.27226 (2026).



Spin is important

- Isolated binary formationl™

Y LS o

Aligned spin

Isotropic spin

[1] D. Gerosa et al., Phys. Rev. D 98, 084036 (2018).
[2] F. Antonini et al., arXiv:2406.19044 (2024).




Evidence for spin subpopulation

LIGO-Virgo-KAGRA Collaboration, arXiv:2605.27226 (2026).




Effective spin parameters

Effective spins y.¢f, xp

are accurately estimated from gravitational wave

X efr 18 effective spin parameters aligned with

the orbital angular momentum L.

Xp 1s perpendicular to L2

myxq1; + MyX2,
m1 + mz

Xeff =

3m1 + 4m2 m,

Xp = max (le:

4m1 + 3m2 m4q

[1] T. Damour, Phys. Rev. D 64, 124013 (2001).
[2] P. Schmidt et al., Phys. Rev. D 91, 024043 (2015).




m, = 8.8 Mg my = 81.1 Mg
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C. Plunkett et al., Phys. Rev. Lett. 137, 021404 (2026).
Blue: low-spin component

Previous study assumed high-spin
population 1s 1sotopically distributed




Method

We improve previous spin population inference in two ways:

(1) we use an event-level prior that 1s uniform n the yoer — ¥ plane[1]

(2) we model the population 1n the plane using a flexible mixture model

We perform hierarchical Bayesian inference for binary black hole (BBH) in GWTC-4.
To reduce computational cost, we fix the mass and redshift distributions to those inferred
in previous study[2].

[1] K. Kobayashi et al., arXiv: 2602.12509 (2026). [2] LIGO-Virgo-KAGRA Collaboration, arXiv:2605.27226 (2026).



Method

(1) we use an event-level prior that is uniform in the ye¢ — ¥ plane®

I[sotropic spin prior
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* K. Kobayashi ef al., arXiv: 2602.12509 (2026).
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Method

(2) we model the population 1n the plane using a flexible mixture model

Low-spin component High-spin component Total population

o = N W & U o N o o
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Result
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*C. Plunkett ef al., Phys. Rev. Lett. 137, 021404 (2026).



Result

Low-spin component High-spin component Total population
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Discussion

Low-spin

High-spin

Total population
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the positively skewed y ¢ distribution.

X eff
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Binary-single
interaction
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Binary disruption

Star

Dynamical binary

formation
Gas-capture

binary formation

AGN disk
Disk capture

Binary-
’ . circumbinary

disk interaction

H. Tagawa et al., ApJ. 898, 25(2020).

This suggests a high-spin population with some preference for aligned spins rather than
1sotropic orientations around m, = 60M. Hierarchical mergers have difficulty explaining

A similar discussion can be found 1n [1], where tidal spin-up[2], chemically homogeneous
evolution[3], and AGN-disk scenarios[4] are suggested.

[1] S. Alvarez-Lopez et al., arXiv:2606.12205(2026). [2] S. S. Bavera et al. A&A 635, A97 (2020).
[3] 1. Mandel et al., MNRAS 458, 2634-2647 (2016). [4] Yin-Jie L1 et al., Phys. Rev. Lett. 137, 021407 (2026).




Discussion

In Bayes factor:
Not worth Positive Strong Very strong

more than a
bare mention Kass & Raftery (1995), JASA 90, 773

This work’s model / 2D Gaussian model i y ¢ — ¥}, plane:

A mass-dependent mixture of low- and high-spin populations 1s strongly
favored over a simple mass-independent Gaussian spin model.

This work’s model / Plunkett’s 1sotropic high-spin model :

Our model 1s not significantly favored from a Bayesian perspective.
Thus, GWTC-4 data do not require a non-isotropic high-spin population,
and the 1sotropic model still provides an adequate description of the data.




Summary

- We infer the BBH spin population with a

revised prior and a flexible y.¢ — x, model.

- High-spin BBHs may prefer aligned spins
at high masses.

- GWTC-4 data do not yet rule out isotropic
high-spin orientations.

Thank you for your attention!!
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Extra



Spin population
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LIGO-Virgo-KAGRA Collaboration, arXiv:2605.27226 (2026).




Evidence of Correlation & Subpopulation

m; = 81.1 Mg
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E. Flanagan et al., arXiv:2606.14472 (2026). C. Plunkett et al., Phys. Rev. Lett. 137, 021404 (20206).



Total Spin Population Density

The spin population is a two-component mixture:

pspin(Xeff)Xp ‘ m17A) — [1 o g(ml ‘ A)] PL (Xeff7XP ’ A)
+ &(m1 | A) Pr (Xetts Xp | A)

Inputs:

* Xeff, Xp- SPin coordinates

e My: primary mass

o A: population hyperparameters

e £(my | A): mass-dependent branching fraction




Total Spin Population Density

The spin population is a two-component mixture:

pspin(Xeff,Xp ‘ ml7A) — [1 _ g(ml ‘ A)] PL (Xeff7Xp ‘ A)
+&(ma | A) P (Xefts Xp | A)

pL()(eff, )(p|A) o« TNormal(y ofe| Uess, aeff)TNormal()(p| Up, O'p)

PH()(eff»)(pM) X exp [_ %{(T — rc)z 4 (9 — Heff(ml))Z}]

Oy Op

Oesr (M) = 7 sigmoid|[Sy(log mq)]

£(my) = sigmoid[Sy(log m,)]




low spin contribution high spin contribution total model

my =7Mo
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Problem In spin population analysis
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Problem In spin population analysis

—0.00+9:48

The prior excludes

the region near
Xeff = 1 and )(p ~ ().
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Problem In spin population analysis

—0.00+9:48

The prior excludes

the region near
Xeff = 1 and )(p ~ ().

.

Biased parameter
estimation.

il

Biased population
inference.
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Our novel prior
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Performance test ~standard case~

Red: Assumed population
like GWTC-3 result




Performance test ~standard case~

s Inferred with s Inferred with
isotropic prior uniform prior

m Assumed .  Assumed
population population

% Injected value % Injected value
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Performance test ~extreme case~

Red: Assumed population
with large y.¢s




Performance test ~extreme case~

s Inferred with = Inferred with
isotropic prior uniform prior

e ASsumed . m Assumed
population population

% Injected value % Injected value
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Application for real data (~GWTC4)

mmm Inferred with
isotropic prior
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