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Gravitational-wave observatories
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GWTC-4.0: The Fourth Gravitational Wave Transient Catalog
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How are merging binary black holes made?

Isolated Binary Stars Dense Star Clusters

H. Ksontin/ BBC

Pirsa: 25080020 Page 6/25



- Credit: Shanika Galaudage
Tidal effects A

Kick on secondary
from supernova

—_— | S

g.Q

s | 5

—t

cD =

e T ]
(=

Capture

Pirsa: 25080020 Page 7/25



From Single Events to a Population

* Introduce a population model that
describes the distributions of masses,

. - . 1 |
spins, redshifts across multiple events. 10

» Example: Fit a power law to black hole

masses. @
&
» Take into account measurement
uncertainty and selection effects (see 10°
Reed’s talk). Minimum mass €+p

L __Maximum mass <& |
* Don'’t just fit the “detected 0 10 20 30 40 50 60
distribution!” (Essick & MF 2024) Black hole mass
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Black Hole Mass Gap

For stellar collapse, (pulsational) pair-instability supernovae predict an absence
of black hole remnants between ~ 50 — 130 M, (see, e.g., Renzo & Smith 2024 for a review)

Cartoon of a predicted mass distribution
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Black hole mass

Image credit: Gemini Observatory/NSF/AURA/ illustration by Joy Pollard 8
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Pair Instability Supernovae
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Pair Instability Mass Gap
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We thought we found the lower edge of the mass gap in O2

With the first 10 binary black holes, black hole primary masses were consistent
with a truncated power law distribution with a cutoff at ~45 solar masses
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But in O3, we discovered bigger black holes

Ehe New ork Times GW190521

OUT THERE

These Black Holes Shouldn't Exist,
but There They Are

On the far side of the universe, a collision of dark giants sheds

light on an invisible process of cosmic growth.

NEWS - 02 SEPTEMBER 2020

‘It’smindboggling!’: astronomers detect
most powerful black-hole collision yet

Gravitational-wave detections suggest merging black holes fell into ‘forbidden’

range of masses.

Abbott+ PRL 125, 101102
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O3 revealed a population of big black holes with primary masses
above the ~45 solar mass limit
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Possible Origins of Black Holes in the Mass Gap

Hierarchical black hole mergers

* Two black holes of stellar origin merge into a second-generation black hole, which then
participates in another merger (e.g. Gerosa & MF 2021 for a review)

Black hole growth via accretion

* From binary companion (e.g. van Son+ 2020), merger with star in dense cluster (e.g. Kiroglu+
2025), dense gas in AGN disk (e.g. McKernan+ 2012), Pop Il stars embedded in dense gas (e.g.
Safarzadeh & Haiman 2020)

Product of stellar mergers

* Small stellar core but oversized envelope (e.g. Di Carlo+ 2019, Renzo+ 2020)

Non-stellar origin (e.g., primordial black holes; Bird+ 2016)

Mass gap starts at much higher masses than previously thought

* Different nuclear reaction rates? Exotic particles in stellar cores?

14
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Are there binaries with bothblack holes in the mass gap?

* [f mass-gap black holes are rare, we
would expect 2 mass-gap black holes in
the same binary to be even rarer

* For example, in dense star clusters, only
a small fraction of second-generation
(2g) black holes are retained

* The 2g+2g merger rate is an order of
magnitude lower than the 1g+2g rate
(Rodriguez+ 2019)

15
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Evidence for the Pair Instability Gap in the
Distribution of Black Hole Secondary Masses
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Primary black holes in the gap also spin more rapidly
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Spins consistent with 2g+1g hierarchical mergers
contaminating the mass gap

 2¢ black holes tend to spin
at dimensionless spin

magnitude ~0.7 (e.g., MF, Farr
& Holz 2017)

* Additional detailed features
in the distribution imprinted
by the environmental escape
speed
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Measuring the lower edge of the pair-instability gap
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Measuring the location of the pair-instability gap constrains
uncertain physics

Uncertain nuclear physics Possible beyond-standard model physics
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The °C(a, y)'°0 nuclear reaction rate
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Bonus: What about the “lower” mass gap between neutron stars and black holes?

Where are Gaia’s small black holes?

Mavya FisuBach,b %3 KATELYN BREIVIK,* REINHOLD WILLCOX,> % AND
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Evidence for a pair-instability gap in black hole masses from GWTC-4

* GWTC-4.0: new catalog from the LIGO-Virgo-KAGRA Collaboration with 8o+ new
gravitational-wave events, doubling the size of the previous catalog

* The black hole mass, spin and redshift distribution encodes their unknown evolutionary
histories & uncertain physical processes

* (Pulsational) pair-instability supernovae are predicted to cause a gap in the black hole mass
distribution

* We have found evidence for this gap in the black hole secondary mass distribution,
placing an upper limit on the merger rate of binaries with both black holes in the mass gap

* There exist binaries with one black hole in the mass gap; their spins are consistent with
hierarchical mergers

* Implications for black hole formation channels, transient astronomy, stellar evolution, nuclear
physics, particle physics, and cosmology

24
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Could supernova kicks cause the mass gap?

If Gaia’s progenitor binaries are less tightly bound than GW progenitor binaries, they
could be preferentially disrupted by large kicks imparted on low-mass black holes
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