Numerical study of the origin
of merging binary black holes
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GW observation and BH-BHs
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» The first detection of GWs is the  [—-=="=—""
first discovery of a BH-BH merger [ SaNGHE
2015. " >

 The number of BH-BHs grows to
~ 50 only during 5 years.
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Formation scenarios
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Pop. 11l BH-BHS

- Pop. III BH-BHs are one of 7
promising origins of observed . e
BH-BHs. ] | .< : ) mp
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-+ They typically have ! .@
MBH ~ 3OM®. “ Mass transfer
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+ GW observations frequently
find BH-BHs with < aou
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oy Gmin = 10R, oy Gmin = 200R
- The merger rate density is O &"O — R ;‘-‘) —
~ 0.1yr'Gpc™, smaller than the gl | olser B | mto- s
observed rate ~ 10yr~'Gpc™. A S
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- Pop. III binaries can be only . N
R 100Ry, since Pop. IIl stars expand " 5 wmuwws 0w e puna
to ~ 100R at their proto-stellar
phases (Omukai, Palla 2001; 2003)
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Their mass distribution

See also Hijikawa et al. (2021, MNRAS 1n press)
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Mass-gap event GW 190521
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Open clusters
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« Formation mechanism
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- Differential merger rate density consistent

with GW observations
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- No BH-BHs with M| > 40M, due to the
absence of Z < 0.1Z; simulations
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BH-BH effective spins
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- Tidal spin up formulated by
Hotokezaka & Piran (2017; see also
Kushnir et al. 2016)
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~ 20 % of BH-BHs have positive
effective spins.

stellar wihd

- It may be consistent with GW » L
observations if we take into account —06 -0.3 0 03 0.6

observational errors (Tanaka-san’s . . Xeft
talk).
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BH-BHs with y > 0.1
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- Lower-mass BH-BHs have higher
effective spins.
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» A possible clue to identify the BH- = | | j
BH origin(s). = o 3
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- Consistent with Safarzadeh et al. .
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Spin-orbit misalignment

—  All binaries — GC(o.=20km/s)  Z=10"Zs -

~ 10 % of merging BH-BHs N E— B Jj

with spinning BHs experience a C————————
single encounter with another BH -

before they merge or are ejected.

00
Such a single encounter makes ©
spin-orbit misalignment, and < ©
produces non-zero y,,. x©
- Y
The misalignment doesn’t attain <
the 1sotropic distribution. ~
O
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Trani et al. (2021, MNRAS, 504, 910)



Globular clusters

+ Globular cluster (GC) scenario

(Portegies Zwart, McMillan 2000;
Downing et al. 2010; Tanikawa 2013;
Rodriguez et al. 2016; 2018; 2020;
Fuju et al. 2017; Askar et al. 2017;
Park et al. 2017; Samsing et al. 2018)

» It 1s unclear 1f GC-origin BH-BHs are

numerous enough for the observed
rate (but see Rodriguez et al. 2021)

* The total cluster mass 1s 0.1-1% of
the total stellar mass in the
universe.

- Extra budget? (Weatherford et al.

2021)
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Top heavy IMF in GCs [ud =

m1+my[Mo]

BH-BH separations
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- Top heavy IMF

- Nearby dense star forming region (Lu et al.
2013; Schneider et al. 2018; Hosek et al.
2019)

semi[AU] (Al1.5)

- Multiple stellar population in GCs (Milone
et al. 2017; Bastian, Lardo 2018; Wang et
al. 2020)

semi[AU] (A1.7)

- Advantages for the GC-origin BH-BH scenario

- More many BHs in each GC

- Difficulty of EM observations

semi[AU] (A2.0)

- Can they be the extra budget?

- Not necessarily

- They form many BH-BHs, but the BH-BHs

are not enough compact to merge within the
Hubble time.
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Summary

»  We have studied many formation scenarios of BH-BHs.

- Pop III BH-BHs have a smaller merger rate than observed.
However,

> 100M, BH mergers may be dominated by Pop III origins.

+ GW190521 can be formed from Pop III binary stars.

- BH-BHs formed 1n open clusters: their mass, effective spin, and
tilt angle distributions, consistent with GW observations.

» GCs with top-heavy IMF which do not increase GC-origin BH-
BHs as expected.



