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Outline

» Formation of Gaia black hole (BH)

 Formation of pair instability mass gap (PIMG) events

» Formation and property of very massive star (VMS)
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Possible link between GW events and Gaia BHs

BH mass function observed by GWs

(Gaia BHs seem to follow BH mass
function observed by GWs.
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Gala BHs may be a key to elucidate
the origin of GW events.




Mystery of the Gaia BH formation

BH progenitor
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Gaia BH3 found 1n a disrupted star cluster

Gaia BH3
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ED-2 stream 1s much more faint!



Gravitational N-body simulation coupled with
single and binary star evolution

Stellar dynamics
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From open clusters
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Outline

» Formation of Gaia black hole (BH)

» Formation and property of very massive star (VMS)



Masses in the Stellar Graveyard
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Clues for the origins of binary BHs
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 The primary BH mass distribution

« The Mass ratio distribution
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- The effective spin distribution

» The precession spin distribution
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Palr instability mass gap (PIMG)
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Isolated binary scenario needs to explain the
presence of PIMG events.




Pair instability supernova
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Formation scenarios tor PIMG events

- Hierarchical mergers in star clusters (Rodriguez  ~ 6(0OM o ‘ ‘ ‘ ‘
et al. 2019; Rizzuto et al. 2021; D1 Carlo et al.

2021; Wang et al. 2022: Liu et al. 2024) and
AGN disks (Tagawa et al. 2020)
- Isolated binary stars (Belczynski et al. 2020; o _ H A = =

~ 240M,,

Kinugawa et al. 2021; Tanikawa et al. 2021;
Tanikawa et al. 2025) | ~ 12()M

- Collapse of rotating very massive stars (Shibata
et al. 2021; Shibata, Fujibayashi 2026)

PIMG events



Uncertainty of the PIMG range

F%mer et al. (2020; see also Costa et al. 2021)
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Dependence of the PIMG on metallicity
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BH progenitors should have the maximum radi of < 100R
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Metal-free stars with inetficient
convective overshoot
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Why are metallicity and overshoot important?

» Metallicity
- Lower metallicity, lower opacity.
- Convective overshoot

- Less efficient overshoot, smaller He core at the
end of the MS phase.

- Smaller He core has smaller luminosity at the

PMS phase. He core
+ Smaller luminosity results 1n smaller maximum at PMS
radius at the PMS phase.

Convective core
at M S

Overshoot



Binary population synthesis calculation

- BSEEMP (Tanikawa et al. 2020, MNRAS, 495,

— 150}

4170; Tanikawa et al. 2022, ApJ, 926, 83) 29 |

- Extension of BSE (Hurley et al. 2002) down to 2 100}

extremely metal-poor stars é |
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» Pop I, II, and III binary stars with efficient and 0l

inefficient convective overshoot — 150}
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- Stellar winds, supernovae (CCSNe, PPISNe, % |
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* Binary evolution: stable mass transfer, common <
envelope evolution, tidal evolution, etc. 0 2530 75 100 125 130
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Outline

» Formation of Gaia black hole (BH)
 Formation of pair instability mass gap (PIMG) events

» Formation and property of very massive star (VMS)
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Possible formation process of VMS
— Runaway collisions 1n star clusters —
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Gravitational N-body simulation coupled with
single and binary star evolution

Stellar dynamics
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Runaway collision simulation

« Initial condition

. Mass: 10° M} Density (<Ipc): 2.4 X 10

» Results:

+ VMS mass at IMyr: ~ 2000 Mg

* VMS spin parameter at IMyr: ~ 10
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Caveats

- Orbital angular momenta of two pre-collision stars are completely converted

into the spin angular momentum of the collision product.

*  Spin angular momentum loss due to stellar winds 1s minimal.

- We take into account only hot massive star wind (Vink et al. 2001) and
LBV-like wind (Humphrey, Davidson 1994).

*  We should regard the VMS spin as the theoretical upper limit of a VMS

formed through runaway collisions.
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* VMSs formed through runaway collisions can be
rapidly rotating.

» Collapse of a VMS can emit GW signals like
PIMG events. :
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