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POPULATION Il STARS

» Metal-free
(Haiman et al. 1996; Yoshida et al. 2003)
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POPULATION Il STARS

» Metal-free
(Haiman et al. 1996; Yoshida et al. 2003)

» Massive ( > 10? M)

(Stacy & Bromm 2013; Hirano et al. 2015;
Liu & Bromm 2020)

» Form at high redshift z > 20
(e.g. Hartwig et al. 2022)
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POPULATION HII STARS
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BBHs with IMBH primary form

(Tanikawa et al. 2020-2024; Costa et al. 2023; Santoliquido
et al. 2023)

Almost no mergers above the pair
instability mass gap
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POP 11l BINARY BLACK HOLE MERGERS ABOVE THE GAP

» BBHs with IMBH primary form

(Tanikawa et al. 2020-2024; Costa et al. 2023; Santoliquido
et al. 2023)

» Almost no mergers above the pair
instability mass gap
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WHAT IF THE FIRST STARS
WERE BORN IN CLUSTERS?




Formation of via repeated stellar
collisions

Boost of pair-up, hardening and merger of BBHs above gap
Dynamics pairs up massive BHs

Three-body interactions contribute to hardening



Star cluster
~ 10" - 10° M

Semi-analytic
z=20— 10

Cluster evolution
No stellar evolution

Mini-DM halo
~ 10" M,

Sakurai et al. 2017; Wang et al. 2022;
Mestichelli et al. 2024; Reinoso et al. 2025 ZUKUNFT

SEIT 1386
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FASTCLUSTE?\ Semi-analytic
z=20— 10

Cluster evolution
No stellar evolution
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Star cluster
~ 10° M,

Mini-DM halo
~ 10" M,

Sakurai et al. 2017; Wang et al. 2022;
Mestichelli et al. 2024; Reinoso et al. 2025

N-body code
z=20 - 10

Stellar evolution (bseEmp)
External potential (galpy)
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20

. =0.8M
Mmin O log-flat IMF
M. = 300 M

LOW-MASS CLUSTERS
~10° M,

* N-body code

»z=20—- 10

* Stellar evolution (bseEmp)
* External potential (galpy)

Wang et al. 2020;
Tanikawa et al. 2020

Mestichelli et al., in prep.



r=1pc r=0.5Dpc
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Pop. Ill stars are candidate progenitors of intermediate-mass black holes

Simulations in field: binaries with intermediate-mass black hole primaries form
efficiently but don’t merge

Stellar dynamics in the first star clusters can enhance mergers above upper-mass gap

Massive clusters (fastcluster): up to 100 % of mergers with intermediate-mass

black hole primary

Low-mass clusters (PeTar+bseEmp): only original BBH mergers

. Same order of magnitude of merger efficiency
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BACK-UP SLIDES



Isolated, logl —-==- Isolated, loglche

— Orig, logl —-==- Orig, loglche
—— DynA, log1 —==- DynA, loglche
DynB, logl DynB, loglche

MRD of dynamical BBHs two orders
higher than original/isolated MRD

MRD higher in HM clusters

MRD of CHE BBHs higher
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CHEMICALLY HOMOGENEQUS




5 = STACY & BROMM 2013

1 = SANAETAL. 2012
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MERGER RATE DENSITY

Z _di(2) Zimax . ,
R = (Z) = n(2)F (z,, YAX VAN

<max §

N (Z,z,2)

M. 7
JoL(z', M) Vo 2) p(z,2)

SFR density

(Hartwig et al. 2022) Merger efficiency

,‘ (different for orig and dyn)

1

Hy (1 +2) [(1 +2)° Q) + Q112
C@RATE

Santoliquido et al. 2020,
2021



FASTCLUSTER: ORBITAL EVOLUTION

W emission

Dynamical (Pelbers 1964

hardening
(Heqqie 1978)

de 2 Gpca N ﬁe G3 ml m2 (ml + mz) ﬁ(e)

dr o 15 cd at(l — e?)>/2
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Up to 7 clusters distributed according
to Plummer density profile in free fall

Which configuration leads to higher
merger efficiency?

Which configuration leads to IMBH
mergers?




