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Summary

A. Formation of IMBH seeds

B. IMBH-BH mergers

C. Perspectives for current and future GW detectors
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Formation of IMBH seeds in young clusters
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Rizzuto et al (2021), MNRAS, 501, pp 5257-5273
Arca Sedda, M. et al, ArXiv: 2105.07003

1.

2.

\_

From Rizzuto et al (2021)

Direct N-body simulations with GR effects for binary COs

1.1 No GW recoil!
1.2 No Spins!!

An IMBH forms in 17 cases out of 80 (~20%)

~

a.
b.

C.

From Arca Sedda et al (ArXiv: 2105.07003)
Use NR fitting formulae to measure spin and GW kicks for;

2 IMBH-BH mergers
1 IMBH-BH-BH merger
1 triple BH merger chain

L
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Formation of IMBH seeds in young clusters

Mergers in the upper mass-gap IMBH-BH mergers

Gen-2
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‘ BH from merger
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Arca Sedda, M. et al, ArXiv: 2105.07003
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Formation of IMBH seeds in young clusters

IMBH-BH mergers
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Arca Sedda, M. et al, ArXiv: 2105.07003
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products
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Arca Sedda, M. et al, ArXiv: 2105.07003
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products
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Beyond N-body: statistics with few-body simulations
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Beyond N-body: statistics with few-body simulations
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Beyond N-body: statistics with few-body simulations
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases

Our phase space:

1. 2 stellar BHs orbiting around 1 IMBH ]\4BH2
2. no initial hierarchy .

3. PNI, 2, and 2.5 included (QGC’ M(}Ca r(}ca GGC) ‘

4.  cluster overall field included az, ez :

Main properties

a. IMBH mass: 4 values
b.  Cluster density: 3 cases
c. BH masses: 3 spectra

d.  Metallicity: 2 values

e. Orbital distribution: 2 cases IMBH

Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746



8 Manuel Arca Sedda
% Merging BHs and IMBHs 11th IGWM 09/11 - 06 - 2020
. in dense clusters

Perspectives for IMBH growth in dense clusters via repeated IMRI phases:
a semi-analytic approach to quantify the impact of multiple IMBH-BH mergers

4 )
Probed with three-body simulations: merger probability ~5-50%
3-body phase Ejection 3rd BH IMRI phase
* ‘ * S
Al

Merger

O
* |

*

~10%-10%yr

Qrca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases:
a semi-analytic approach to quantify the impact of multiple IMBH-BH mergers

< >
VGW vesc VGW vesc
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3-body phase Ejection 3rd BH IMRI phase IMBH ejection
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Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases:
IMBH mass and spin across cosmic times

How?
Use previous scheme, with:
z = 2-6

M, = 100-500 Me
. = 10°-5x10°Me
JM) = kM

Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases:
IMBH mass and spin across cosmic times

How? 0.35 “
Use previous scheme, with:
z = 26 0.30 B ;=0
M = 100-500 Me Hl -
seed 5 6 0.95
. = 10° - 5x10° Me 2 -4
i) = kM - -3
' B -
0.15 B ;-]
What IMBHs @ z <1?
0.10
1. Mass spectrum
= 0.05
M, gy = 750Me 0 7 =
.o . . . . ‘ | .
1i. spins distribution 000="500 500 750 1000 1230 1500 00 02 04 06 08 L0
Svga = 0-3 Mgy M) SvpH
Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Implications for current and future GW detectors:
IMBHs in Milky Way globulars with LISA
A Our models suggests ~ circular IMRIs in the LISA band (on average) " E}&g%tsﬁ%t,oﬁégée Dy, = 8 kpc ’
_ BT (GM/E) ) <8 Mayr=103s .
= \/gDL /C g -‘-- MBH =30 1\/1@ //‘ /,//
A Do we have any chance to observe the closest one (e.g. within 8 kpc)? § P e
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Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Implications for current and future GW detectors:
IMBHs in Milky Way globulars with LISA

[ Our models suggests ~ circular IMRIs in the LISA band (on average) " E}Mﬁgg&géﬁ@ Dy, = 8 kpe ’
) 8T1/2 (GM/C3)5/3 (ﬂ_f)2/3 -@- Mpy =10 Mg /// PY
GW signal:  pop = —°% - Mgy =30M
GB V8D, e 'g 2 2 BH ® ) & 7
A Do we have any chance to observe the closest one (e.g. within 8 kpc)? § P d
N | = 2 el .
> Is there any cluster within 8 kpc from us? Any IMBH host candidate? < ! B P
— 1 L ’ /// i
o 47Tuc (Kizltan et al. 2017), NGC6266 (Abbate et al. 20192), NGC6128 ;* ' o A
and NGC288 (Sollima et al. 2016), NGC6388 and NGC2808, the , : - :
Galactic Centre (Oka et al 2017, Takekawa et al 2019) ozi 10! ) L ) |
f— —_ f— 3 4 — ’,/’ I‘\ i I‘I
o SNR=6-100[M_, =10°-10* M +M,, =10-30 M, | & \x P
«
‘ SNR? = hl; f/hy,
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Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Implications for current and future GW detectors: IMRIs cosmic merger rate

A Signal to noise ratio (we set SNR = 15, observation time T , =4 yr):

Cumulative IMRIs merger rate vs. redshift

L p2 .z
SNR? = f Md f 10 LIGO LISA
d  IMRIs merger rate: y
My Zhor dnpr;  dV. dz P
I'ivrr =€ MivBH B
m Jo dMpyprdz dz 1+z =
V. 10°] ET DECIGO
—
d  Number of IMRIs per unit IMBH mass (3 approaches): 10-1
dnmvrr P — n dn  dngc dMgc 104
Tas _____ —SBHJGWPIMBHlre
dMvpH * dMydz dMgc dMvisr By
10 107! 10! 107! 10!
z

BH abundance

IMRI merger probability J i i 9 ‘

Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746

' IMBH - cluster
mass relation
Star cluster mass function

Galaxy cosmic mass function
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Implications for current and future GW detectors: IMRIs cosmic merger rate

o - RN
Instrument Mgy Zmax  MiMBHmax1 Al :
Mg Mg | yr! I
I]:igg ;8 823 %88 : %0(?036_—01 5; i } LIGO-Virgo-Kagra: ~1-2 IMRIs with M < 200 Me in 1 yr of observation
LISA 10 0.70 46240 ' 0.024-5.1 . . . .
LISA 30 178 46240 : 027 —562 | } LISA: ~5-60 IMRIs with M < 46,000 M@ in 1 yr of observation
ET 10 6.00 2000 | 1.9-399.7 :
ET 30 6.00 2000 1 2.8-5965 ET/DECIGO: >10° IMRISs with M < 46,000 Me in 1 yr of observation
DECIGO 10 6.00 46240 | 15.0-3139 1
DECIGO 30 6.00 46240 , 15.0-3139 :

Nr. of detection per yr J

Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746
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Takehome
1. From direct N-body + postprocessing (Arca Sedda, M. et al, ArXiv: 2105.07003):

a. Formation probability of IMBHs in young clusters ~ 20% (stellar accretion efficiency?)
b. IMBH-BH mergers attain masses ~ 300 M_ in dense clusters (long-term retention?)

c. if long IMBH-BH merger chain are rare, IMRIs can tell us more about IMBHs natal spins (natal spins?)

2. From the three-body + semi-analytic approach (4Arca Sedda, Amaro-Seoane, and Chen, ArXiv: 2007.13746):
a. IMRI mergers ~ 5-50% of models (how many BHs if an IMBH is there?)
b. For M}, ;p, ~ 500 M — retention <50% if My, > 15 M (mass spectra of BHs?)
c. IMBH mass and spin distributions at z < 1 peak at M|, ,,..~750 M_and a,, ..,
d. LISA in the Milky Way: detection of M, ~10**M_(SNR ~ 6 - 100) (how many IMBHs in MW?)
e. LIGO < 2 detections yr'!, LISA < 60 yr!, ET/DECIGO ~ (500 - 3000) yr! (sensitivity curves?)

~0.3 (parameter space?)
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Formation of IMBH seeds in young clusters

Mergers in the upper mass-gap

. Stellar BH

. BH from merger
* Red giant star
* Main segence star

— Merger

15Mg

630 "
time
——

8.7 Myr 14Myr 39Myr 47 Myr 84 Myr
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Mergers in the upper mass-gap: spin and kicks of hierarchical merger products

Y

0.09
1.  Extract BH masses from direct N-body -0 Cen-4a
0.06 =0.5
(Gen-1a + Gen-1b) \Gaur) =00
0.03
2. Sample BH spins from a distribution 0.00 A
i ; _ Gen-2a Gen-3a Gen-4a
(Gaussian centered on 0.5 or 0.7, Uniform) £ 006 (o) =07
3. Calculate remnant mass and spin through NR < 003
fitting formulae and recoil kicks (e.g. 0.00 — e
. Gen-2a e Gen-3a P Gen-4a
Arca Sedda & Benacquista 19, Arca Sedda+20) 0.06] Uni. agy | x 3
J r 11 5,:
(Gen-la + Gen-1b) — Gen-2a 0.03 ‘ Mﬁ i | ’ i |
l . %

I I F
0.09 - ; J :
002 04 06 08 10| 0.2 04 06 0.8 §q4 02 04 06 08 0

al"(‘]ll

4.  Merge the remnant with the next stellar BH
(Gen-2a + Gen-2b) — Gen-3a Remnant spin

A triple merger leads to a final BH spin compatible with GW190521 in 60-78% of cases
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Mergers in the upper mass-gap: spin and kicks of hierarchical merger products

What environment could retain the merger remnant? O YMCs (R21) GCs (H10)
NCs (G16) *  YMCs (PZ12) 100
1. The timescale for the merger formation is connected with the 10° 90
relaxation time !
10° 80
1/2,.3/2
bt o MY/ Th 107 70 =
2. The central escape velocity must increase = 106 60 2
= 50 &
ve. o< M /7y, 10
40
. 10*
3. Possible host have same ¢, andv_> v, . 30
rlx esc kick .
10 A
20
R. [pc]

Only cluster with M >3 x 10° M_and R_< 0.6 pc can retain long merger chains
C ® Cc
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Formation of IMBH seeds in young clusters

IMBH-BH mergers

Gen-1
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Gen-2
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products

10", :
‘ Gen-2a _l Gen-3a
B a. =001 1 Bl a. =001
10~ ' E a. =099 | - a1 = 0.99
- ! Sl o 1. Slowly spinning IMBHs:
10_3' - Gen-2a: Ve ~ 30 km/s
100 = A —
: Gen-2a l Gen-3a Gen-3a: Vk' <50 km/s
4 - ! s ick
2 [ | ay, = 0.01 L ‘ [ | a;, = 0.01
51071 q B a, =099 | B ai, = 0.99
g t il { (—
1072 o
P . ..
100 - : - 2. Highly spinning IMBHs:
‘ Gen-2a ' - Gen-3a
| B a, =001 | | | B o, =001 Gen-2a: Vi ™ 30 - 500 km/s
1071 L [ | a, = 0.99 ! y - ‘ | ai. = 0.99
e . Gen-3a: Vi < 20 - 500 km/s
102 N
7 | T gy

Ukick
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases:
a semi-analytic approach to quantify the impact of multiple IMBH-BH mergers

< >
VGW vesc VGW vesc
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3-body phase Ejection 3rd BH IMRI phase IMBH ejection
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases

=<

There are three main phases:

A B
A. Chaotic: the three BHs interact continuously, exchanges may occur 100 I
\l"‘ﬁbq“ﬁ \ M. M \ \v\ "i
g 2 i
l\dl Y \l mﬂi" “"th\f\ iy ‘\/ ';“W‘#J
B. Periodic/(mildly) hierarchical: the three objects from a triple, the » 'W"
outer BH exert perturbations on the inner BH-IMBH binary. 10
In this phase Kozai-Lidov (-like) oscillations may take place 2‘
{ '
1072
SET 0: SIM 15
C. GW emission kicks in and drives the IMBH-BH to merger Mvpr pr = (100 4+ 15)Mg,
Semimajor axis
——— Eccentricity

-3
10 1 2 3
time [yr] x 108
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases

IMRIs — BH mass spectrum (filled steps) IMBH-BH evolution w/o cluster potential
10Y .
) " i
C ) . S - s " o e
i SR 1 R S— BV Mw
le-01 B . 10-1
L g W VPO
= 1002 o 1070 gui(r) £0
e- —
§§ 2 10
% : Eccentricity e
1 [ | A ke S
1e-01 e

Semimajor axis
.
10 ¢ext(r) =0

10— 107! 10° 10! 10? 10°
Mgy [Me) time [Myr]

le-02 1}
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases

Fraction of models f,

wrp With an IMBH-BH merger
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Perspectives for IMBH growth in dense clusters via repeated IMRI phases

IMBH spin evolution upon multiple mergers
(time flows from left to right)
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