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Summary

A. Formation of IMBHs in (young) clusters

B. IMBH-BH mergers in dense clusters

C. Perspectives for current and future GW detectors 
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Formation of IMBHs in star clusters: why are they relevant for the physics of galactic nuclei?
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1. NCs in Galactic Nuclei might form (at least 

partly) via infall of massive clusters 
(e.g. Tremaine et al 1975, Capuzzo-Dolcetta 1993, 
Antonini et al 2012, Arca Sedda and 
Capuzzo-Dolcetta 2014, 2016, 2017a, 2017b, Arca 
Sedda et al 2015, 2016, 2018, 2021)

2. If infalling clusters host an IMBH, NCs might 
host IMBH-SMBH binaries and multiplets (e.g. 
Ebisuzaki 2001, Portegies-Zwart et al 2006, Arca 
Sedda and Gualandris 2018, Arca Sedda and 
Capuzzo-Dolcetta 2019, Askar et al 2020, 2021)

3. IMBH-SMBH mergers might be promising 
sources of GWs for future detectors (e.g. Amaro 
Seoane et al 2017, Sesana et al (incl. Arca Sedda) 
2020, Amaro Seoane, Arca Sedda et al 2021)

Arca Sedda, M. & Gualandris, A. (2018) Arca Sedda, M. & Capuzzo-Dolcetta, R. (2019)

yr
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Formation of IMBHs in young clusters

Rizzuto et al (2021), MNRAS, 501, pp 5257-5273
Arca Sedda, M. et al, ArXiv: 2105.07003, ApJ accepted

From Rizzuto et al (2021)

1. Direct N-body simulations with GR effects for binary COs
    1.1 No GW recoil!
    1.2 No Spins!!

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

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

a. 2 IMBH-BH mergers
b. 1 IMBH-BH-BH merger
c. 1 triple BH merger chain

Rizzuto et al 2021
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Arca Sedda, M. et al, ArXiv: 2105.07003, ApJ accepted
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Mergers in the upper mass-gap IMBH-BH mergers

Gen-1 Gen-2

307M⍟

22M⍟

26M⍟

329M⍟

355M⍟
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Formation of IMBHs in young clusters

GW190521

85-95 MSUN 66-69 MSUN

142-156 MSUN

a. Upper mass-gap

b. Remnant IMBH 

c. Eccentric 
(or precessing?)
e > 0.1 @ 10 Hz
(Romero-Shaw+2020)
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Mergers in the upper mass-gap: eccentricity at merger
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Despite a dynamical origin, our GW190521-like mergers has 
e ~ 0.00036 @ 10 Hz

Why?
At decoupling, the BBH is still relatively wide:
Semimajor axis ~ 1.08 RSUN 
Eccentricity       ~ 0.8927

So?
Not all dynamical sources are eccentric LIGO sources!



Remnant spin
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Mergers in the upper mass-gap: spin and kicks of hierarchical merger products

1. Extract BH masses from direct N-body
(Gen-1a + Gen-1b)

2. Sample BH spins from a distribution 
(Gaussian centered on 0.5 or 0.7, Uniform)

3. Calculate remnant mass and spin through NR 
fitting formulae and recoil kicks 
(e.g. Arca Sedda & Benacquista 19, Arca Sedda+20, Arca 

Sedda, Amaro-Seoane, Chen 2021)
(Gen-1a + Gen-1b) → Gen-2a

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

A triple merger leads to a final BH spin compatible with GW190521 in 60-78% of cases
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A triple merger leads to a final BH spin compatible with GW190521 in 60-78% of cases
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71.6%

57.9%

66.6%

69.1%

56.9%

61.4%
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Mergers in the upper mass-gap: spin and kicks of hierarchical merger products

Only cluster with Mc > 3 x 105 M⍟ and Rc < 0.6 pc can retain long merger chains

What environment could retain the merger remnant?

1. The timescale for the merger formation is connected with the 
relaxation time

2. The central escape velocity must increase

3. Possible host have same trlx and vesc > vkick
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IMBH-BH mergers

Gen-1 Gen-2

307M⍟

22M⍟

26M⍟

329M⍟

355M⍟

1a

1b

2a

2b

3a

Gen-3
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products

nearly extremal IMBH (a1a = 0.99)
wide spin distribution, peaks at arem ~ 1 and arem ~ 0.6

non-rotating IMBH (a1a = 0.01)
remnant spin narrowly peaked arem ~ 0.2
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products
   Schwarzschild                        Kerr    Schwarzschild                        Kerr

IMBH 
initially 

non-rotating

IMBH 
initially 

~ extremal
IMBH 
initially 

non-rotating

IMBH 
initially 

~ extremal
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1. Slowly spinning IMBHs:

    Gen-2a:       vkick  ~ 30 km/s

    Gen-3a:       vkick  < 50 km/s

2. Highly spinning IMBHs:

    Gen-2a:       vkick  ~ 30 - 500 km/s

    Gen-3a:       vkick  < 20 - 500 km/s
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products
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Perspectives for current and future GW detectors
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47 Tuc, NGC6266, 

NGC6128, NGC288, 

NGC6388, NGC2808

Arca Sedda M., Amaro Seoane P., Chen X. (2021) A&A 

Arca Sedda M. et al., ArXiv:2105.07003, ApJ accepted
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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

~ 106 - 109 yr 
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Arca Sedda M., Amaro Seoane P., Chen X. (2021) A&A 

Done with ARCHAIN
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Merging IMBHs and BHs: spin and kicks of hierarchical merger products
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Arca Sedda M., Amaro Seoane P., Chen X. (2021) A&A 
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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
Mseed  =   100-500 M⍟ 
Mc     =   105 - 5x106 M⍟ 
f(M)  =   kM-2

What IMBHs @ z < 1?

i.  Mass spectrum 
MIMBH  = 750M⍟ 

ii. spins distribution 
SIMBH = 0.3
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Arca Sedda M., Amaro Seoane P., Chen X. (2021) A&A 
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Arca Sedda M. et al, in prep

Perspectives for IMBH growth in dense clusters via N-body models (PRELIMINARY!)

DRAGON-IMBH-2
on Booster cluster

- N = 120-300-600-1,000k
- Binary = 5-20%
- MMAX = 150 MSUN
- Mass segregation

Preliminary:
- Sim time ~ 0.1-2 Gyr
- NGW ~ O(100)
- fIMBH ~ 20-30%
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Arca Sedda M. et al, in prep

Perspectives for IMBH growth in dense clusters via N-body models (PRELIMINARY!)

MBHMBH MBH

Overall BH mass distribution in 120k sim.
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Arca Sedda M. et al, in prep

Perspectives for IMBH growth in dense clusters via N-body models (PRELIMINARY!)

10050301053

DRAGON-IMBH-2 on Booster cluster: mergers!

  ~ IMBH-IMBH mergers

  GW190521-like mergers

  Hierarchical mergers

  NS-BH mergers
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Takehome 
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✓ Analysis of 80 N-body simulations of YMCs: 4 IMBH-BH mergers and 1 triple merger leading to a GW190521-like source
✓ Post-processing of the data to include GR for remnant mass, spin, and recoil (not included in N-body models)

✓ About IMBHs:
○ The spin of the remnant depends strongly on IMBH “natal” spin 
○ GW kick can eject rotating IMBHs from YCs, thus preventing further growth
○ GW detectors (especially the next generation) will help us in unravelling IMBH “seeds”

✓ About mass-gap mergers:
○ The triple merger channel leads to a spin that match observations better than a simpler double merger. 

(Note: a single merger is disfavored by stellar evolution)
○ The GW kick in such mergers is large (>100 km/s in 90% of the cases explored): no retention in YCs
○ Only compact and massive GCs and NCs could harbour such merger chains
○ Improved observations of cluster central regions could help in constraining escape velocities

✓ What to expect from the future
○ A new simulation database with N = 120-1,000k, 20% binaries, new stellar evolution, etc.. is on the way
○ So far, we found several IMBHs with M > 100-300 MSUN , O(100) BBH mergers, 2 NS-BH mergers
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BONUS: IMBH merger rates 
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Implications for current and future GW detectors: IMRIs cosmic merger rate

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

❏ IMRIs merger rate:

❏ Number of IMRIs per unit IMBH mass (3 approaches):

BH abundance
IMRI merger probability

IMBH abundance
IMRI number per single IMBH Galaxy cosmic mass function

   Star cluster mass function

IMBH - cluster 
mass relation

Cumulative IMRIs merger rate vs. redshift
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Implications for current and future GW detectors: IMRIs cosmic merger rate

Nr. of detection per yr

LIGO-Virgo-Kagra:  ~1-2 IMRIs with M < 200 M⍟ in 1 yr of observation

LISA:  ~5-60 IMRIs with M < 46,000 M⍟ in 1 yr of observation

ET/DECIGO:  >103 IMRIs with M < 46,000 M⍟ in 1 yr of observation
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