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Co-existence of nuclear star clusters and massive black holes

e Nuclear Star Clusters (NSCs): Dense ( ~ 10° — 10’ M, pc™®) and massive
star clusters ( ~ 10° — 10° M) occupying the nucleus of most galaxies

Accretion & merger of
star clusters

(Tremaine+ 1975, Capuzzo-Dolcetta 1993,
Capuzzo-Dolcetta & Miocchi 2008; Antonini+
2012, Antonini 2013, 2015,

Gas accretion and

in situ star formation

Credit: Alessandra (Loose+ 1982, Milosavljevic+ 2004,
Mastrobuono- Pflamm-Altenburg+ 2009,...)
Battisti

Fraction of Galaxies with NSC

e NSCs and Supermassive Black Holes (SMBH) ~ 10°—10'" M, are
found to co-exist

Early-Type
Late-Type

6 8 10 12
e Milky Way: NSC Mass: 2.5 x 10’ M, SMBH Mass: 4.16 x 10° M og(M.)
Neumayer, Seth & Boker (2020)

¢ M31: NSC Mass: 4.9 x 10’ M, SMBH Mass: ~ 1.4 x 10° M,
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M33 and the absence of an SMBH

e M33 has an NSC but no SMBH!

e NSC Mass: 2 x 10° M, (Kormendy et al. 2010, McConnachie 2012)

M33 by Adam Block/Mount
Lemmon SkyCenter/
University of Arizona

e Upper limit on central black hole mass: 1500 M, (Merritt et al. 2001;
Gebhardt et al. 2001)
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e M33 has an NSC but no SMBH!

e NSC Mass: 2 x 10° M, (Kormendy et al. 2010, McConnachie 2012)

M33 by Adam Block/Mount
i Lemmon SkyCenter/
&8  University of Arizona

e Upper limit on central black hole mass: 1500 M, (Merritt et al. 2001;
Gebhardt et al. 2001)

e \WWhat comes first: an NSC or an SMBH?

Can an SMBH form after an NSC?
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M33 and the absence of an SMBH

e M33 has an NSC but no SMBH!

e NSC Mass: 2 x 10° M, (Kormendy et al. 2010, McConnachie 2012)

M33 by Adam Block/Mount
&  Lemmon SkyCenter/
& BBR University of Arizona

e Upper limit on central black hole mass: 1500 M, (Merritt et al. 2001;
Gebhardt et al. 2001)

e \WWhat comes first: an NSC or an SMBH?

Can an SMBH form after an NSC?

e P1:. Askar, Davies & Church (2021) - MNRAS.502.2682A
o P2: Askar, Davies & Church (2022) - MNRAS.511.2631A

o P3: Askar (in prep)

Formation & Growth of SMBHs in galactic nuclei: LISA Binaries and IMRIs - Abbas Askar MODEST-24, Warsaw, Poland 23rd August, 2024



Central Idea: Building up an NSC by merging stellar clusters

e Make an NSC by merging star clusters

Star Clusters with IMBHs

(e.g., Hartmann et al. 2011; Antonini et al. 2012; Mastrobuono-Battisti et al. 2014) Stellar clusters sink and Sinkjg oy
merge in a galactic center dynamical friction

Stars
IMBH,

LMultiple TMBH System

e Some of those star clusters form and retain an IMBH

n the Galactic Center

(talks and posters by Natalia Lahén, Antti Rantala, Michiko Fujii, Benedetta Mestichelli,
Y

tidal stripping

Three Body interaction _ )
and disruption

Maximilian Hdaberle, Lavinia Paiella, Konstantinos Kritos, Ambreesh Khurana)

Y

Compact IMBH Binaries

Possible pathways for growing black hole mass in star clusters

Black holes that grow
(A) Repeated mergers of black holes (C) Tidal disruption/collision of stars with inside stellar clusters

. \4
ﬁ—) o (i) Dynamical hardening black holes can be delivered to the mergings by
\ O ﬁ galaCtiC center gravitational wave radiation
Partially disrupted star accreted by black
ﬁ'—’ . l 1 ‘ ﬁ“ hole
‘ o> o >0
Massive stars ﬁ AP Y
evolve into (ii) Dynamical exchange GW ﬁ --p @ > ‘ Supermassive Black Hole Bulge
black holes l Emission '
Direct collisions between stars leading to black hole Milky Way Galaxy
grounh Seyfert Galaxy
| (D) Binary evolution mergers/accretion
Merged black

Ebisuzaki et al. (2001)

If merged black hole is retained, hole @(—) M > @

it may merge with other stellar- . < . .
mass BHs Merger of massive stars in binary evolution leading to
black hole formation

(B) Runaway growth of stars @ —> m > @ )
ﬁ—)ﬁ—) ﬁ—’ﬁ-’ﬁ —>»> Merger of a star with a black hole or mass transfer in a What ha ppens to the I M B HS ¢
. . binary system leading to the growth of a black hole
Runa\.Nay mergers leading to formation of a
massive star * (E) Gas accretion by black holes ® Ca N we kee p th e m7
Very massi\:: ﬁtaa‘:sr:at!g ;a(;tr)rllv:nand directly - —> .
intermdiate-mass black hole Accretion of intercluster gas by stellar-mass black O H OW Muc h mu St th ey g row to fo 'm S M B H S?

holes may result in their growth

Askar, Baldassare & Mezcua (2024); https://arxiv.org/abs/2311.12118
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P1: Building up an NSC by merging stellar

e Carried out N-body simulations of the final stages of an idealised
merger between 3 star clusters

- NBODY6++GPU - (Wang, Spurzem et al. 2015)

e Merging clusters contains stars and up to 3 central IMBHs in different
configurations

e 50000, 30 000 and 15 000 single stars (0.5 My <M < 2 M)
e Total Mass: ~ 8.4x 10* M,

e Follow growth of NSC and determine fate of one, or many, IMBHs

cf. Ebisuzaki et al. (2001); Kim, Figer & Morris (2004); Portegies Zwart et al. (2006),
Miocchi et al (2006); Hartmann et al. (2011); Antonini et al. (2012); Mastrobuono-
Battisti et al. (2014); Arca Sedda et al. (2015; 2019); Petts & Gualandris (2017); Arca-
Sedda & Gualandris (2018); Wirth & Bekki (2020); Chassonnery & Capuzzo-Dolcetta
(2021); Khan & Holley-Bockelmann (2021); Fragione (2022)

e No pre-existing SMBH

e Assume that individual star clusters had evolved for ~ 100 Myr before
they merged with each other.

e Presence of young clusters with masses larger than 10° M, in the
innermost 150 pc of a few dwarf starburst galaxies (Nguyen et al. 2014)
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P1: Merged cluster properties with no IMBH

Density profile of the merged cluster
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The merged cluster at 360 Myr is more radially
extended and has a denser core than the 3

initial merging clusters.
Figures from Askar, Davies & Church (2021)
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P1: Merging stellar clusters that contain 2 IMBHSs

° M, <M, ., <M,

luster
Run Time Total mass IMBH; IMBH» IMBHj3
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Figures from Askar, Davies & Church (2021)
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P1: IMBH binary merger and recoil kicks

e Encounters between stars and an IMBH (at apocenter) = decreases semi-major axis r,,, = a(l + e) = drives
up eccentricit /7,
p y -
e Increasing eccentricity leads to efficient merger due to gravitational wave (GW) radiation emission — ~ few > "
7
Apir, 1 712 -
hundred Myr tO Gyr Tgr ~ 1010)/1" <m> (m1+m2)m1m2 . (1 — 82) (Peters 1964) \ m/ Wiseman (1 992)
e Merging black holes receive a GW recoil kick when they merge — up to 1000 km/s e /
\Vi / /
e BH spin distributions taken from Lousto et al. (2012); peak value of about 0.7 (takes into account the { /
accretion-driven growth of the BHSs) d

Semi-major Axis [pc]

Semi-major Axis [AU]

Figures from Askar, Davies & Church (2021)
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P1: Runs with 3 IMBHs: multiplicity of outcomes

® 2 most massive IMBHs form a binary

Run Time Total Mass IMBH; IMBH, IMBHj3
: : Myr M M M M
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3.1: multiple binary-single IMBH

scatterings formation

3.2: tidal stripping of third IMBH prevents triple

Time [Myr]

3.3: early ejection of the 200 M, IMBH
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P1: Multiple strong binary-single IMBH scatterings

e Interactions of an IMBH triple influence the eccentricity evolution of the inner binary IMBH

e These interactions also influence the density of stars around in the vicinity of the IMBH
binary

e Binary hardening is strongest for runs where stellar density around IMBH binary is highest
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P1: Flowchart of possible outcomes

e Infalling stellar clusters bring (in total):

No One
SMBH Seed SMBH Seed

Goes on to grow by tidal disruption of stars and/or gas accretion (i.e. wet growth with gas
inflow)
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P1: Flowchart of possible outcomes

One Three Many
IMBH , IMBHs IMBHs

First grows, then meet
and merge

Meet and merge

1+1=0

No
SMBH Seed

One Many
SMBH Seed SMBH Seeds?

Go on to grow by tidal disruption of stars and/or gas accretion (i.e. wet growth with gas
inflow)
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P2: Observational consequences of this SMBH seeding mechanism
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P2: SMBH seed population synthesis results

Create mock population of galaxies containing a NSC — form NSC by merging clusters = merging
clusters can bring along IMBHS

* For multiple IMBHs we assume that a binary IMBH will form and promptly merge (Askar et al. 2021) e

$o

e Many pathways but all lead to one or zero SMBHs (merge and retain OR merge and eject)
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P2: SMBH seed population synthesis results

e Many pathways but all lead to one or zero SMBH seeds (merge and retain or merge and eject)

e Number, order and timing of IMBH injection matter

e Allowing for growth (at ~10% of Eddington) allows us to reproduce observed SMBH masses
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Fraction of NSCs

Sample 1.8 x 10° galaxies with stellar masses between 10’ — 10'* M,

Many pathways but all lead to one or zero SMBH seeds (merge and retain or merge and eject)

Allowing for growth (at ~10% of Eddington) allows us to reproduce observed SMBH masses

Number, order and timing of IMBH injection matter
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P2: Possible co-evolution of galaxy, NSC and massive BH?
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e.g. NGC 4261, NGC 4649 rowth (Doubling Time 300 Myr) —s— Pacucci+ 2021 (low metallicity)
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P3: Constraining the seeding mechanism with LISA

e Aim: Check whether the IMBH binary mergers we are predicting will be detectable with LISA
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P3: NSCs with 2 IMBHSs - Merging binaries and their detectability with LISA

e Few 10* galaxies with NSCs in which 2 IMBHs were delivered

e Determine properties of merging binary black holes in the NSC: Askar (in prep)

 Use masses and the delivery time of the second black hole in the NSC

- We assume that the assembly and growth of NSCs occurs between redshift z =4 (~1.5 Gyr) and z = 1 (~6 Gyr)

o Estimate the redshift corresponding to the cosmic time of merger fy 28 Gyr
1+ (1 +2z)

Carmeli et al. (2006)

 Obtain luminosity distance and comoving distance from redshift  (Adachi & Kasai 2012)
e Estimate the gravitational wave frequency at the time of binary merger using black hole radii as separation

1/2
GM

Camp & Cornish (2004)
Schutz (1997)

* Obtain the strain and the characteristic strain in the observer frame at merger time

5

871'2/3 G5/3%5/3 n/3 N N 5 C —5/3
hc — h\/; h = 1012 ¢4(z) 77 L _f” /f’” 0683 G5B f’” From Sesana et al. (2005)
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P3: NSCs with 2 IMBHSs - Merging binaries and their detectability with LISA

Characteristic Strain
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e Considerable num

where we do not a

oer of these merging black holes in the galactic nuclei will be detectable with LISA: 15% in the case

low for BH growth

o Allowing for the first black hole to grow (doubling time of 300 Myr, assuming accretion at ~10% Eddington rate) will

significantly increase the number of detectable mergers (65%)

e More massive black hole decreases the gravitational frequency and increases the characteristic strain leading to better signal-to-noise

ratio for LISA
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P3: NSCs with 2 IMBHSs - Merging binaries and their detectability with LISA
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e Low frequency, high amplitude sources with significant SNR associated with larger chirp mass

o Allowing for growth increases the chirp mass of the detected system and also contributes to a larger spread
in the mass ratio resulting in a higher number of intermediate-mass ratio inspirals (Arca Sedda, Amaro-

Seoane & Chen 2020) Askar (in prep)
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P3: NSCs with 2 IMBHSs - Merging binaries and their detectability with LISA
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e Most mergers taking place between redshifts 1 and 2
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e Depends on assumptions about NSC assembly and delivery time of stellar clusters with IMBH

Askar (in prep)
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P3: Next Steps

e Better treatment for determination of the

. . 107,
observable properties of the merging systems |
o [ . : : 10'15;_
requency and characteristic strain calculations |
e Evolution of frequency and strain with time c 107|
© [
o Explore how do our initial assumptions affect e 1o18|
17 |
the results? g |
5 107
e IMBH masses and formation/growth in stellar clusters o |
. . . 10%°}
e NSC assembly time and cluster infall time
e Growth rate for IMBH or seed SMBHSs in NSCs 1074}
' ' ' i 5 104 102 102 10' 100
e Check merger properties in NSCs in which more 10 10 1 10 10 10
Frequency [Hz]

than 2 IMBH are delivered
e Possible hierarchal mergers of intermediate-mass/ M, = 5203 M@ M, = 1387 M@ 7=1.67 SNR = 537

massive black holes

e Estimate potential merger rates for the case with

and without growth Using: https://github.com/eXtremeGravitylnstitute/

LISA_Sensitivity by Neil Cornish
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P3: Next Steps

e Better treatment for determination of the

. . 107,
observable properties of the merging systems |
. : : 10-15;_
e Frequency and characteristic strain calculations |
e Evolution of frequency and strain with time < 10-17;.
e Explore how do our initial assumptions affect o 10-18;
the results? g |
S 1077
 IMBH masses and formation/growth in stellar clusters ® |
20|
e NSC assembly time and cluster infall time 0
* Growth rate for IMBH or seed SMBHs in NSCs 107
e Check merger properties in NSCs in which more 10° 10 10° 10 10° 10°
. Frequency [HZz]
than 2 IMBH are delivered
* Possible hierarchal mergers of intermediate-mass/ M, =1.7x% 10° M, M, =1387 My, z=1.67 SNR = 1783
massive black holes
. . . _ /300 P - :
e Estimate potential merger rates for the case with M(1) = My X 277" where ¢ is time difference in Myr

and without growth Using: https://github.com/eXtremeGravitylnstitute/

LISA_Sensitivity by Neil Cornish
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Summary: LISA Binaries & intermediate-mass ratio inspirals

Central Idea: NSC may form before an SMBH through the merger of stellar clusters

o

SMBH seeds

O

"aa, /
L 4
“»

Stellar cluster could potentially form and deliver IMBHs to the galactic nucle‘i7 Nsc -
Q/ “«.........w"

IMBH binary formation: merger due to gravitational wave radiation
About 15% of such merging binary IMBH are detectable with LISA

Increases to 65% if we allow one of the black holes to grow by gas accretion/tidal

disruption of stars before the delivery of the second IMBH

* Increased number of intermediate-mass ratio inspirals

® The detection (or non-detection) of these predicted merging binary black holes

in the galactic nuclei with LISA can help constrain the formation/growth

mechanism of supermassive black holes!
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