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FIRST STARS: POPULATION Il (PoP I11)

Pop Ill stars’: massive (~ 10 — 1000 M) stars formed in minihaloes (M}, ~ 10°=8 M)
at z ~ 10 — 30 via collapse of primordial (Z < 107% Z) gas cooled by Hy (and HD)
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(Mapelli, 2020)

Pop IlI stars are more likely to become massive black holes (BHs) than present-day

stars.— binary BH (BBH) mergers
Gravitational waves (GWs) can be a promising probe of Pop Il stars
(see, e.g, lwaya et al, 2023; Franciolini et al,, 2024; Santoliquido et al., 2024).



BINARIES OF POP Ill STARS: THEORETICAL CHALLENGE

‘Standard’ picture of Pop Il star formation from simulations:
Pop Ill stars typically form in small clusters.
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Due to computational limitations, the detailed evolution from initial
protostar formation and growth to ‘dry’ star clusters is still unclear.



PoP Ill BBH MERGERS FROM ISOLATED EVOLUTION

Limitations of the isolated binary stellar evolution (IBSE) channel:

- Significant uncertainties in the initial condition and binary stellar
evolution parameters lead to large discrepancies in the
predictions from different models, with ~ 3 (5) orders of
magnitude of scatter in the peak (local) merger rate density.

- The IBSE channel only works for initially close (< 10 AU) binary
stars. However, recent hydrodynamic and N-body simulations
indicate that close binaries of Pop Ill stars are likely rare (< 2%)
due to expansion of protostar clusters/binaries by accretion of
in-falling gas with high angular momentum (Susa, 2019; Sugimura
et al, 2020, 2023; Liu et al., 2021; Park et al,, 2023, 2024).

New channels for Pop Ill BBH mergers?



DYNAMICAL HARDENING (DH) BY 3-BODY ENCOUNTERS

Heggie-Hills Law: Soft binaries soften, and hard binaries harden.
(Hard: binding energy > average kinetic energy of surrounding objects)

Hardening induced by 3-body encounters

() @

Merger induced by GWs

* Y

& GWs

® @ |, \\
< — |

The merger product acquires a new companion through exchange

(Mapelli, 2020)



PoOP Ill BBH MERGERS IN NUCLEAR STAR CLUSTERS (NSCS)

The NSC-DH channel (Liu & Bromm, 2021):

Dynamics of Pop Il BBHs within galaxies and during halo mergers — infall into NSCs
by dynamical friction —

evolution in NSCs (disruptions, ejections, hardening) — BBH mergers
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In-situ dynamical channel: Non-standard pathways of Pop IIl star formation (in more massive atomic-cooling halos
under peculiar conditions) tend to produce massive (> 10* M®) clusters of Pop Il stars, where dynamical
interactions also play important roles in BBH evolution (Wang et al,, 2022; Liu et al., 2023a; Mestichelli et al., 2024).



TWO CHANNELS IN ONE FRAMEWORK

Aim: understand the relative importance and unique features of the NSC-DH and IBSE
channels under various assumptions on Pop Il binary stars and high-z NSCs.

- Semi-analytical model A-sLoTH (Hartwig et al., 2022) for Pop IIl and Pop 1/1I star
formation and stellar feedback along halo merger trees from the cosmological
simulation by Ishiyama et al. (2016) with parameters calibrated to observations —
Pop IIl star formation M, 111, halo mergers, galaxy mass M

- Stochastic sampling of Pop Il BBHs based on the binary population synthesis
(BPS) results from sevN (Costa et al., 2023) given M, 111

- Initialization and randomization of the galactic orbits of Pop Il BBHs (during
formation and halo mergers) with the spatial distribution of Pop Ill remnants in
halos predicted by cosmological hydrodynamic simulations (Liu & Bromm, 2020a,b)

- Galaxy and NSC models based on empirical scaling relations for mass, size,
compactness, and occupation fraction (Portegies Zwart et al.,, 2010; Arca-Sedda &
Capuzzo-Dolcetta, 2014; Neumayer et al., 2020; Behroozi et al., 2019) given M,

- Evolution of external/galactic and internal orbits of Pop Il BBHs in galaxy fields
(IBSE) and NSCs (NSC-DH) — BBH mergers and host system properties

- See more details in Liu et al. (2024), code available at
https://gitlab.com/Treibeis/a-sloth-cob

Predictions: merger rate density (MRD), stochastic GW background (SGWB), detection
rates by the LVK and ET, BH mass distribution 6
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PARAMETERS EXPLORED (3 x 2 x 3 = 18 MODELS)

(a) Initial mass function (IMF) for primary stars (my)
- LOG (log-flat): p(m) oc m;™" (fiducial)
- TOP (top-heavy): p(m1) o< my*" exp[—(20 M2,)/m?]
- KRO (bottom-heavy): p(m1) oc m; %3

(b) Initial binary statistics (IBS): period (P), eccentricity (e), and mass ratio (q)
- S12 (denoted by ‘T, dominated by close binaries): p(w) oc 7=% for
7 € [0.15,5.5], p(e) ox e=%42, p(q) o< g~ % (Sana et al., 2012) (fiducial)
- SB13 (denoted by ‘5, dominated by wide binaries): p() o< exp[—0.36(7 — 5.5)?],
p(e) = 2e, p(q) o< g~ (Stacy & Bromm, 2013)
m = log(P/day), see Sec. 2.3 of Costa et al. (2023) for details

(c) NSC occupation fraction focc as a function of galaxy mass M
- obs (empirical): foce = foce(Mx), My min = 105 Mg (fiducial)
- full (optimistic): foce = 1, My min = 10% Mg (Leaman & van de Ven, 2022)
- low (conservative): foce = foce(Mx), My min = 10'° Mg for z > 5 (Ma et al, 2021)
focc(M*): fit to observations (Neumayer et al,, 2020), foce = 0 for My < M min
Fixed parameters: primary mass range: mq € [5, 550] M), secondary mass range: m, € [2.2, 550] M), mass ratio

range: g € [0.1,1]. A-sLOTH (best-fit) parameters for star formation and stellar feedback (see table 1 of Hartwig
et al. 2022), DH efficiency, parameters of the galaxy and NSC models, binary stellar evolution parameters in SEVN



INITIAL CONDITION MODELS (COSTA ET AL., 2023)
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IMPACT OF IBS ON MRD

10
s Pop I11: all me= we= Pop I/II4+1IT
Pop III: field LOGI1_obs
107 Pop IIT: NSC LOGS5_obs
Pop 1/1l mergers o

- . e
\\ Pop /1l + PBH s ® === T PBH mergers

10! { fewrc2 e

7 [yr™! Gpc~3]

Local BBH MRD inferred from the GWTC-2 events: fig1,s(z ~ 0) = 19.3J:195'1 yr~1! Gpc~3 (Abbott et al, 2021). The

results for Pop I/11 and PBH mergers are taken from Franciolini et al. (2022). The IMF and NSC parameters are fixed
to the fiducial choices (‘LOG’ and ‘obs’).



IMPACT OF IBS OoN SGWB
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Total SGWB inferred from GWTC-3 events: Qg (f = 25 Hz) = 6.9739 x 10710 (Abbott et al, 2023). The
conservative results for Pop I/1l and PBH mergers and detector sensitivity curves are taken from Bavera et al.
(2022). The IMF and NSC parameters are fixed to the fiducial choices.



DIFFERENCE BETWEEN THE TWO CHANNELS: PROGENITOR

Initial pericenter distance (rp) distribution for LOG5_obs:
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The NSC-DH channel is also effective for initially wide binary stars and BBHs with

pericenter distances up to ~ 10° AU!
i



DIFFERENCE BETWEEN THE TWO CHANNELS: CHIRP MASS

Chirp mass distribution (normalized) of BBH mergers for LOG5_obs:
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The thick solid curve shows the intrinsic chirp mass distribution inferred from GWTC-3 events (Abbott et al., 2023).
The results for Pop 1/1l mergers from various channels and PBH mergers are taken from Franciolini et al. (2022).
Massive BBH mergers can also be produced by IBSE in other binary stellar evolution models (Tanikawa et al.,
2021a,b, 2022; Hijikawa et al,, 2021; Santoliquido et al,, 2023; Mestichelli et al., 2024; Tanikawa, 2024).



DETECTION RATES BY ET (SNR> 8)

- All mergers: NgT sNr>g ~ 50 — 1370 yr— 1 in total,
~ 6 — 230 yr—! for NSC mergers, and
Intermediate-mass BH (IMBH) mergers (my > 100 Mg ):
.\.’]‘IT‘I\[[}]LS»\]]{).(\[ ~ 0.5—-200 v\'l‘iI in NSCs and
Fraction in NSCs:
Fnsce ~ 1 —22% for S12 (close binaries) and

a

a
0.17 1 23 0.17 1 23 N 0.17 1 23 0.17 1 23
10°
close binaries wide binaries close binaries wide binaries
100 10?
= 5 10!
=
£ P
=02 X
Z 4 H 10°
] =
£ =R
<z 10 g * .
2 107
field NSC (full) NSC (obs) NSC (low)
10° NSC (obs) NSC (low) 1073 NSC (full) & field
T T
TOPI LOGl KROl TOP5 LOG5 KROS TOP1 LOGlI KROl TOP5 LOG5 KROS5

(all mergers) (IMBH mergers)

We use the python package GwTooLBOX (Yi et al.,, 2022a,b) to calculate the detection probability of each merger.
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DETECTION RATES BY LVK O4 (SNR> 8)

All mergers: Npvk sxr>s ~ 0.9 — 9.3 yr~1in total,
~ 0.5 —9.1yr—! for NSC mergers, and
Intermediate-mass BH (IMBH) mergers (m; > 100 Mg ):
MNLvK IMBH,SNR>8 ~ 0.04 — 1.5 yr~! in NSCs and
Fraction in NSCs:

Fnsc ~ 41— 80% for $12 (close binaries) and ~ 92 — 98% for SB13 (wide binaries)
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Our results are consistent with current observations of massive BBH mergers involving IMBHs and mass-gap BHs by
LVK (Abbott et al, 2022a,b).
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SUMMARY

- The properties of Pop Il binary stars are still unknown (likely dominated by wide
binaries, different from present-day stars). — There are significant uncertainties in
theoretical predictions on Pop IIl BBH mergers.

- An alternative channel based on dynamical hardening in nuclear star clusters
(NSCs) can be as efficient as the classical isolated binary stellar evolution (IBSE)
channel in producing Pop Il BBH mergers at z < 9, which contributes ~ 1 — 88% of
the detection rate of Pop Ill mergers by ET.

Higher contributions from NSC mergers are achieved by initially wider binary stars,
more top-heavy IMFs, and higher occupation fractions of NSCs.

- Only a small fraction (4 — 12%) of Pop Ill BBHSs fall into NSCs, but a significant
fraction (~ 45 — 64%) of them merge at z > 0, including initially wide binaries.

- Pop Il BBH mergers can contribute ~ 2 — 32% of the total SGWB inferred from
observations (Abbott et al., 2023) at v < 10 Hz.

- Pop IIl BBH mergers in NSCs are more massive than those in galaxy fields from
IBSE, so they dominate the Pop Il SGWB below ~ 20 Hz in most cases.

A significant fraction (up to 84%) of Pop Il BBH mergers in NSCs involve at least
one IMBH above 100 M, while such mergers are extremely rare from IBSE.

- Most (= 90%) Pop Ill BBH mergers in our models are detectable by ET with a
promising rate 0f«““~:T.sxR>x ~ 50 — 1370 yr— !, including IMBH mergers with
NET,IMBH,SNR>5 ~ 0.5 — 200 yr—L.

15



BONUS SLIDES




SUMMARY OF RUNS

Run @ pl@ p  ple) foo Mamin espH T aek/NSC) fsc Feimse fiatan
Mol [1074M7"] > M
LOGlobs 1  SI2  SI2  SI2 108 478 649 (533/1.16)  179%  11.6%/62.8%  3.87%
TOPlobs 017 SI2 SI2 SI2 106 258 238 (1.66/0.722)  30.3%  6.73%/64.1%  436%
KROlobs 23  SI2  SI2 12 100 7.05 18102157 133%  15.1%/60.6%  3.67%
LOG5S.obs 1  SBI3 SBI3 2 10° 10 3.64(0.685295) 812%  0.716%/61%  482%
TOPS_obs 0.7 SBI3 SBI3  2¢ 106 794 276 (0.2832.48)  89.8%  0376%/62.5%  499%
KROS obs 23  SBI3 SBI3  2¢ 100 8.9 3.14(0.7552.38)  759%  0.888%/58.6%  4.56%
LOGIfull 1 s12 s12 si2 108 478 798(527271)  34%  122%/589%  9.65%
TOPLfull 017 SI2 SI2 SI2 106 257 332(163/1.69)  50.8%  7.13%/60.3%  10.9%
KROLfull 23 s12 s12 si2 106 7.05 137(10.1/3.64)  265%  15.7%/56.4%  9.14%
I SBI3 SBI3 2 108 10 7.29 (0.674/6.62)  90.8%  0.761%/55.6%  11.9%
X 017 SBI3 SBI3 2 106 7.9 585(0273/5.57)  953%  0394%/56.8%  12.4%
KROS full 23  SBI3 SBI3  2¢ 106 8.9 601 (0.741/527)  87.7%  0.9379/52.9%  11.2%
LOGIlow 1 s12 si2 si2 1010 478 607 (534073)  12%  115%/502%  3.04%
TOPLlow 017 S12 S12 SI2 1010 257 217(165/0.513)  237%  6.68%/55.2%  3.62%
KROIlow 23 SI2 SI2  SI2 1010 705 112(103/0.894) 8% 15%/45.8%  2.77%
LOGSlow 1  SBI3 SBI3 2 101 10 271(0.6862.02)  74.7%  0.711%/51.9%  3.89%
TOPS_low 0.7 SBI3 SBI3  2¢ 1010 7.9 216(0277/1.89)  872%  0366%/56.5%  422%
KROS_low 23 SBI3 SBI3  2¢ 1010 8.9 218(0.755/1.42)  654%  0.879%/454%  352%
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(A) IMF (oBS): S12 vs. SB13
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(B) IBS (OBS): TOP-HEAVY VS. BOTTOM-HEAVY
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(c) NSC occuPATION (LOG-FLAT)

S12 (close binaries)

SB13 (wide binaries)
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STAR FORMATION RATE DENSITY (SFRD)
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The shaded region and data points show observational results from Madau & Dickinson (2014) and Finkelstein
(2016), respectively. The dotted and dash-dotted curves show the predictions for Pop Ill and Pop /1l mergers from
the cosmological simulation in Liu & Bromm (2020a,b).
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HOST SYSTEMS OF PoP 11l BBH MERGERS (LOG1_0BS)
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MEGER RATE PER GALAXY (LOG1_OBS
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The results from Illustris and IllustrisTNG simulations are taken from Pillepich et al. (2018).



THE SPECIAL EVENT GW190521

Unusual BH masses: my = 8572] Mg, and m, = 6671, Mg,
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MASS GAP OF PAIR-INSTABILITY SUPERNOVAE

Standard pair-instability mass gap: ~ 50 — 130 Mg

(see e.g, Heger et al. 2003; Belczynski et al. 2016; Woosley 2017; Marchant et al. 2019)
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(Mapelli, 2020)
Pop Ill stars can retain most of their envelopes and form BHs up to
~ 100 M, before entering the pair-instability regime
(see, e.g, Farrell et al,, 2021; Tanikawa et al,, 2021a).
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MASS-GAP BHS VIA IBSE?

It is possible to form mass-gap BHs in wide binaries with weak
interactions. However, strongly interacting binaries that lead to BBH
mergers in the IBSE channel hardly produce mass-gap BHs due to
strong mass loss during binary interactions.
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Mass distribution of primary BHs for all BBHs (top) and BBH mergers (bottom) predicted by SEvN (lorio et al., 2023)
for two pair-instability supernova models: M20 (Mapelli et al., 2020, left), F19 (Farmer et al, 2019, right)
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MRD OF MASSIVE BBHS VIA IBSE

10-¢

S H \ .
0 4 8 12 16 20 24 28 32
Cosmological Redshilt (z)

Evolution of merger rate density for all Pop |1l BBHs (thin) and those with primary BH masses above 60 M, (thick)
predicted by Santoliquido et al. (2023) for different initial conditions (shown with different colors, see their table 1).
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MRD OF MASSIVE BBHS viA NSC-DH
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Mass-gap mergers: my, my € [50, 130] M. Predicted: Agap ~ 0.0013 — 0.034 yr —! Gpc~3. Data point:
merger rate density of GW190521-like objects inferred from observations (90% confidence interval):
Agap,obs(Z ~ 1) = 0.087%™ yr=1 Gpc—3 (Abbott et al, 2022a)

0.07 YT

20

28



TRACKING POP Il BBHS IN A-SLOTH

- Pop Il star-forming halo — mass of Pop Il stars formed
OM, 11 + binary mass fraction fg ~ 0.7 (uetat, 2020 + Mass
fraction of binaries that become BBHs fggy and average
mass of progenitors of BBHs my, ggu from BPS (costaetal,
2029+boost factor freest = 50 for better statistics — expected
number of BBHS AgBH = fhoost/BfBBHOM, 111/ Mp BBH

- Draw the number of BBHs Nggy to sample in this timestep
from a Poisson distribution with parameter Aggnu

- If Nggu > 0, draw Nggy BBHs randomly from the input BPS
catalog generated by SEVN (costa et al, 2023)

- Distribute BBHs in haloes during initial formation and halo
mergers, based on the spatial distribution of Pop Il
remnants from cosmological simulations (i & sromm, 2020a,6)
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INITIAL DISTRIBUTION OF POP [l REMNANTS

2
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IN-FALL OF POP Il REMNANTS TOWARDS NSCS

df/dt ~ —I’/TDF
Dynamical friction timescale: Tpr = Tpr(r|ei, Me, My, Ry, vx)

m.=20 M@,'Y* =0, €if=0

10°
r=1pc ——— =10 pe

105 4] T F=3pc e =30 pe

104< .......................................
CR T——
E‘ 103 i
I Il
& T T T

0] e

10" 4

10° ' |

v 107 10° 10"
My Mol

(based on the mpg formula from Arca-Sedda 2016)
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EVOLUTION OF POP IIl REMNANT BINARIES IN NSCs

Hard binaries sink into cluster cores by dynamical friction where DH
and GW emission drive them to mergers.

log(zgw/yr)
]
1024 10
10! 4 8
= 10°4
S 6
N

._
<
.
~

0 50 100 150
t [Myr]
(for a massive GW190521-like BH-BH binary (m7 = 85 M, m; = 66 M, ag = 200 au, eg = 0) in a Milky Way-like

NSC (Mgc = 2.5 x 10’ M@, Rgc = 4.4 pc, vgo = 1.8) with a core density py ~ 2.5 x 10/ Mg pc™2)
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GALAXY & NSC MODELS: EMPIRICAL SCALING RELATIONS

Galaxy mass M, — galaxy size Ry, NSC mass Msc — NSC size Rsg
Compactness parameters (v, and ysc): drawn randomly

- Galaxy size-mass relation (arca-sedda & capuzzo-Dolcetta, 2014; Somerville et al, 2018)
R, = [2V/G=7) —1] max[0.02Ryir, 2.37(M, /10" M) kpc] , 7, ~ 0—2
- NSC-galaxy mass relation (veumayer et al, 2020)
log(Mgc/Mg) = 0.48 log[M, /(10° M)] + 6.5

- NSC size-mass relation (Mg, ~ 2 x 10° M)

o <Reff) N 0.54 , Msc < Merit
E\pc ) T Yo3tiog (Qf%g) —159, Msc > Mot

Rsc = (4/3)Ret {21/(37750) — 1} . 7sc ~ 0.65 —2.55
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STELLAR-HALO MASS RELATION (FOR z < 4.5)

Halo mass M, — galaxy (stellar) mass M, — R,, Mgc, Rsc

7%,0=0.003

10"+

S 10°
=
x
=

107<

Na~1073 -1
10 104

The merger trees from the cosmological simulation in Ishiyama et al. (2016) only cover
7z 2 4.5. The subsequent evolution of galaxies is followed with a simple model based

on the stellar-halo mass relation from Behroozi et al. (2019).
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EXPANSION OF A POP [Il BINARY (SUGIMURA ET AL., 2020)

(c) 1.2x10% yr

(d)2.2x10° yr

(e) 7.9x10° yr

(see also Sugimura et al,, 2023; Park et al., 2023, 2024) 35



BINARY STATISTICS OF POP IIl STARS (LIU ET AL., 2021)
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SA13 (protostars of a few MQ): Stacy et al. (2013), BKI7 (mass enhanced protostar systems, Belczynski et al., 2017):
FS1: Ry ~ 2000 AU, based on Stacy et al. (2013), FS2: Ry ~ 7 AU, based on Greif et al. (2012) (corrected version of
fig. 9 in Liu et al, 2021, see also Liu et al., 2023b) 36



OUTLOOK: BETTER MODELS FOR POP |l BINARIES

- Improvement of (radiative) magneto-hydrodynamic (MHD)
simulations of Pop Il star formation to better understand the
evolution from protostars to (dry) star clusters

- Systematic investigations of the conditions of Pop Il star
formation (as extensions of, e.g., Hirano et al, 2014, 2015, 2018,
2023; Li et al., 2021) for complete statistics of Pop Il star clusters

- Generative models for the initial conditions of star clusters based
on simulations of star-forming clouds (e.g., Torniamenti et al., 2022)

- Multi-physics simulations of early star cluster formation and
evolution, which couple (radiative) MHD, N-body dynamics as well
as (binary) stellar evolution (and feedback) with the AMUSE
framework (Pelupessy et al,, 2013), see e.g, the TORCH project (Wall
et al, 2019, 2020) and Reinoso et al. (2023)
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https://amusecode.github.io/
https://bitbucket.org/torch-sf/torch/src/main/

OVERVIEW OF PoOP |Il BBH MERGERS

(Cosmic structure formation + (metal-free) primordial gas]

Baryon-DM streaming,
LW radiation, ...
Molecular cooling | Delay of star formation, atomic-cooling

Standard pathway (M}, ~ 108 Mg): Non-standard pathways (M), = 107 Mg):
Small star clusters (~ 10 — 1000 M) Massive star clusters (= 10t Mg)

Cluster dispersion lln—situ

~+ Initially isolated BBHs (capture, hardening, triples, ...

Dynamical friction
GW emission Ex-situ

‘ Isolated BBH mergem | Nuclear star clusters (Pop 1/1I) | ‘ Dynamical BBH mergers ‘

\/

‘ Mass gap at ~ 100 — 130 Mg | ‘ GW background at f = 10 Hz |Masswe eccentric, high-z |

|Isolated binary stellar evolution Dynamical interactions |
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