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formation of a hierarchical IMBH triple,
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= 12Mo @
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* Modelling BHs of all masses
My WOI’I( In their stellar-dynamical

KETJU environments...
* ... with novel integrators and
HPC codes | have developed BIEROST
 Galaxies and their ,
supermassive black holes * Massive star clusters
(SMBHs) including collisional SMBH
* public dynamics library = Peter seed formation

Johansson‘s group homepage

* talks by Alex Rawlings and Atte
Keitaanranta, Nianyi Chen

main cluster

ISA Astro Working Group Meeting 2024 -- Antti Rantala

Image credit: Matias Mannerkoski



An one-slide T il e
first look after ;e
the main talk:

> the new faster
KETJU

ISA Astro Working Group Meeting 2024 -- Antti Rantala

Image credit: Matias Mannerkoski



MAX PLANCK INSTITUTE s
FOR ASTROPHYSICS -

DEUTSCH  Search 2

www.mpa-garching.mpg.de

ABOUT MPA | NEWS | RESEARCH | CAREER | PUBLIC OUTREACH | INTERNAL

0.0 Myr ®

Galactic potential

40Myr  3.0Myr 2.0Myr 1.0 Myr

Binary
Star clusters trajectory
s
@ evolved star, g
o i
Rapidly merging stars and black holes How galaxies make black holes

collide

Jakob‘s

MPA homepage highlight this month galactic
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The SMBH seed origin puzzle
/Natural \

consequence of

rOPSRES (Directly Collapsing\ clustered,
SMBH seeding
mechanisms gas clouds dense, low-

\. J metallicity star

formation in the

4 h early Universe?
Runaway stellar \ /
collisions

\ y

r ™
Stellar remnants (" )
Exotic “new”
=\ J .
physics
\ y
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SMBH seeds from runaway stellar collisions

metallicity FEtss e

3 : T ISA Astro Working Group Meeting 2024 -- Antti Rantala .
A e.g. Portegies Zwart et al. 2004



Simulating the runaway channel —isolated clusters

Portegies Zwart et al. 1999;
Portegies Zwart & McMillan 2002;
Gurkan et al. 2004;

Portegies Zwart et al. 2004;
Freitag et al. 20064a,b;

Baumgardt & Klessen 2011;
Mapelli 2016;

Rodriguez+19;

Rizzuto et al. 2021, 2022; but do young, dense, low-
Vergara et al. 2023, 2024 ; metallicity star clusters
Arca Sedda et al. 2023a,c,b; look like this?

Prieto et al. 2024;

LISA Astro Working Group Meeting 2024 -- Antti Rantala



Massive star cluster formation regions at high z

Fujimoto+24

* recent JWST observations g A/ LOOV
reveal clumpy, clustered star

formation at high z
* the Cosmic Grapes at z=6 f
(Fujimoto+24)

e the Cosmic Gems arc: five
close parsec-size young star
clusters atz 10.2 with masses

of M ~10° M@ in (Adamo+24) REE L ot
* early MW history was clumpy K3 -

(Belokurov & Kravtsov 2023) R =

\\ B.2 0050

* hydrodynamical simulations of “\,{ C24D.2 2

massive star cluster formation B i ' =

in low-metallicity dwarf R

starbursts support this view N SRR

0.000

(Lahén+20,24) Adamo+24
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What are the consequences of
the hierarchical star cluster assembly
for the collisional runaway scenario?

LISA Astro Working Group Meeting 2024 -- Antti Rantala



The modern direct N-body
simulation code BIFROST

Rantala, Naab, Springel (2021)
Rantala et al. (2023)

Rizzuto, Naab, Rantala et al. (2023)
Rantala & Naab 2024a

Rantala, Naab & Lahén 2024b
Rantala 2024d in prep.

Souvaitzis, Rantala, Naab in prep.
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At order forward direct summation code BIFROST

(

\_

\
Hierarchical 4" order

forward symplectic
Integrator

J

.

Direct summation,
GPU acceleration

1 1 1 2 T 1 1 1
€€H :egEUSFejEHseijFegEUSF€§€HF€§EHS€EGUSF

LISA Astro Working Group Meeting 2024 -- Antti Rantala Ra nta l_a +2 1 , 23, 24b



At order forward direct summation code BIFROST

-

~
Hierarchical 4" order

forward symplectic
Integrator

J

.
-

\_

Secular and regularized

\

Integration of few-body systems

Incl. post-Newtonian terms

J

Efficient parallelization (MPI

shared memory): arbitrary binary
fractions up to 100% supported

QG O@QQ

Roughly similar approach as in
__" KETJU: MSTAR-like integrator

(Rantala+20)

+ slow-down algorithm

(Mikkola+96, Wang+20)

Oo

LISA Astro Working Group Meeting 2024 -- Antti Rantala Ra nta l_a +21 ’23’24b



At order forward direct summation code BIFROST

4 )
Hierarchical 4" order Q 4 ) Q
forward symplectic BH-BH mergers using
integrator fitting formulas to

\_ J numerical relativity

- D B ~
Secular and regularized
Integration of few-body systems - ~
Incl. post-Newtonian terms Prescriptions for tidal

N = disruption events and

4 )
Rapid single & binary stellar \ stellar mergers )

population synthesis code

SEVN (lorio+23) QQ

K LISA Astro Mking Group Meeting 2024 -- Antti Rantala Ra nta l_a +21 ’23’24b




Lahén+2020, 2024 the GRIFFIN project Initial conditions for the N-body

FROST-CLUSTERS project
(Rantala+24b)

exampl oo o
0 R g B 80 v .
63‘ ,- .'-'&c * * o&. ® .
I 'ﬁ.- .Q i n."‘DO._u' o‘?.o: -eo o'; b
30 g Ty 208 0,805,688 -
20_ a."%-@o'ﬁp; 'o .‘¢ :‘po.
§o e’ 01 O i O 8,3 1o d0
10F o gpie 805 708 L PP T ol
— * oD ee., * e e s 2.0, &' . o
Q PO % . o0 Prgo o 0% opp
S 0r BT e e B o g
"IN L 8., D%
-10F =y &ootgé; Q‘_.gocb-q”o. o 0
0" ,° o o voee 0
-20F B.ﬁ; ‘bfssq _.'b._'a .' '.6'.'-'.0%& ° °
N} & CoeC. O 0
B e 0576 o g b O ey L
-30 of 0 WQ ’ .cpb_ -t '-%.' (¢ )
t="172:4 Myr ogy 0. .0, 0. 0, w00 D
_40 3 & % d O‘ b&w_ « O
. \ ’ 03.-. 5 '_0.4- )
star-by-star star cluster formation 60 40 20 ) 20 " -

simulations in a full hydrodynamical x [pc]
dwarf galaxy setting
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Simulation setup

Key model ingredients:
* Universal cluster mass function
(slope -2)

e Shallow star cluster mass-size relation

with small birth radii
* metallicity Z=0.01 of solar

y [pc]

exampl AT
i 08" g e 0% *q.
40 @O‘ :QH 0&!.‘0' p.ét' '&3 .
L L% % . 0 JDO.T Teed s O
30 R 3 s s go'. p.”o'do,’i_g%._ﬁ .
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Simulation setup

Key model ingredients:
* Universal cluster mass function
(slope -2)

 Shallow star cluster mass-size relation
with small birth radii

* metallicity Z=0.01 of solar

e N~2.4 million stars in ~1000 star
clusters between ~100 M@ and 2.5 X

10° Mo

* converging radial flow of -3.5 km/s and
similar random component

» central cluster densities ~10°M ) pc™>

* single-star Kroupa IMF up to
150M®With Yan&Kroupa (2023) mmax

limit for low-mass star clusters

LISA Astro Working Group Meeting 2024 -- Antti Rantala




Simulation setup

Key model ingredients:

P
N

: . ol 1118°MO ;
. . by B A _ Q'a = ey
Simulations so far: e - | 348M, 536M,

~1/3 runs with single stars (mmax =
150 Msun or 450 Msun)

[ T Iog(E,t/M@pc:'2

~ 1/3 of runs with primordial binaries
t543MO

1498M

~ 1/3 runs with primordial triples

- up to 800k stars in binaries and
tripleS in the SimUlationS LISA Astro Working Group Meeting 2024 -- Antti Rantala



Hierarchical
assembly on
a10 Myr
time-scale

observations of
Adamo+24 at z=10.2

« cluster assemby region

main cluster

¢
- "
.
' P s | e i 1118M,,
SO g main PR
- .' * cluster ; ’-
Y 348 M,
536 M,,
0.0 Myr . 10p¢ | 5.0 Myr 2.5 pc
main cluster ., main cluster
b
4 543 M,
1498M, FROST-CLUSTERS |
mock BVR view
' . MYOSOTIS code by
18.5 Myr 25300 50:0 Myr 2:5 e Khorrami+19



Star cluster and
SMBH seed progenitor star
merger trees

Star clusters

Merger tree leading
to IMBHs

O Main sequence star
O Evolved star, HG, giant
@ B5H/IMBH
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Star cluster and ntlonollit}%ic

: star cluster
SMBH seed progenitor star fo e
merger trees

Star clusters

Merger tree leading
to IMBHs

O Main sequence star
O Evolved star, HG, giant
@ B5H/IMBH
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Star cluster and
SMBH seed progenitor star
merger trees

Star clusters

Merger tree leading
to IMBHs

O Main sequence star

@ Evolved star, HG, giant

@ B5H/IMBH

LISA Astro Working Group Meeting 2024 -- Antti Rantala

cluster H1-C cluster H1-D cluster H1-A cluster H1-B
1.1x10° M 5.9x104 M@ 2.0x10° Mg 4.4x10* Mo

M ®
5 134M,, 130Mec
=
o
o

main cluster
progenitor

formation of a hierarchical IMBH triple,
instability, component exhange

‘ b 7.0 Myr
6.6 Myr

7-18 Myr <oction from

. %)_ebcodv gystem
binary A
shrinks e %S 2
due to Proceis W xN\‘l‘
interaction repeats (o<

348M,,
81M, @
50M 5 O
: ‘ Star clusters 24M;, O~
= Merger tree leadin
=] 0 IMBHs . ‘1194'\’1"
3 Main sequence star
M Evolved star, HG, giant
=
=z @ sH/VBH
<
m\_l
N 12Mo @ J
=
= 348M .
o 6.6 Myr -
— 7.0 Myr
7.0
Myr 7.0 Myr -
Myr
U 18.5 Myr
| GW merger ° 52M
1194 M, I
& 348 M ‘

~—@ 31.1 Myr

18.5

°e GW merger
Myr 1498M, P &\543M‘. & 52 Mg
: Q@ .%o -
50.0 <

Myr A 9
N 55 Mo @ X
38.5 Myr R ‘l,;\
116M, @ %, 49.6 Myr
@ 135M



time;_ 128 M, 95M, QO 128 My 1.8 Myr
>
3 main cluster () 222Mm,
= progenitor 134Ms @ © 2.0 Myr
. 5.

* The collision cascades = v, | [10om.@ @ 351Me
begin from >80 Msun = 2.2 Myr
stars - R 129m, QLD 7™

; 123Mo CR L, [
yo. 101M (3 1118M 2.4 Myr
(@] ©

* No more than one star - IV
per cluster significantly N © 91M
grows by mergers = 10om . @ so7m g > MY

L 89Mo QN 910M
| Star clusters ' 74M ¢ o 992Mg

« Most SMBH seed mass = Othge'r“%%r*geeleadmg el 1Mo 8 Myr

Q Main sequence star
from the Stell‘ar <r: O Evolved star, HG, giant i
collisions, up to ~30% = 1
by TDEs and BH-SMBH =
seed mergers ol —
;.
Q
O
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e 24M
1194M,,
formation of a hierarchical IMBH triple,
¢ COmpleX 12M instability, component exhange
O]

interaction histories &
of BHs and SMBH S 6.6 Myr - / > 7.0 Myr
= 7.0 Myr 6.6 Myr

seeds -
7.0 —
'Vl_vf ZéOSMI\;:/; \ - %lf:bc:&“wstem
18.5 ' —>

* seed mergers and Myr binary
. . L 18.5 M shrinks ank

GW reCO|l lekS GW merggr 52Mg ‘dlie toti f{;gggiz \ﬂa:\l\\mr

may eject all seeds S

frqm ’Fhe clu.ster In o N S43Me 852 Mo

this simulation oo Q.
Myr %

116 N
® 49.6 Myr
LISA Astro Working Group Meeting 2024 -- Antti Rantala @ 135MV@




two SMBH seeds, but not
INn the same star cluster

LISA Astro Working Group Meeting 2024 -- Antti Rantala

time

0.0 Myr

1.0 Myr

3.0 Myr 2.0 Myr

4.0 Myr

cluster H2-C cluster H2-A
2.6x10° M@ 2.3x10° M@
111 Mg

main cluster
progenitor

cluster H2-C tidal
mass loss to
1.8x10% M,

@

|

6.0

@
50.0 |

Myr

350M,

cluster H2-B
3.2x10° M@
) 149 M,

1256 Mg,

9.9 Myr  weak recoil
GW merger 14 km/s
1256M,, & 46 M,

12.7 Myr  weak recoil
GW merger 13 km/s
1297M¢ & 45 Mg,

22.1 Myr  weak recoil
GW merger 14 km/s
1340M, & 46 M,

1382 Mg,
60 Mg

46 M, IMBH+BH+BH

45.9 Myr  weak recoil
60 Mg GW merger 24 km/s
[ 1382M,, & 60 M,

1437 Mg,

hierarchical triple



cluster H3-F cluster H3-E cluster H3-B cluster H3-A  cluster H3-D cluster H3-C
2.6x10° M, 1.4x10° My 1.1x10°Mo  23x10°M,  2.3x10°M, 1.5x10° Mg

time
: , 124Mg
> q)112l\/?1'vlwc> PHMo : Star clusters
S ®
o Merger tree
o main cluster leading to IMBHSs
— progenitor Main sequence star
s Q1580 @ ;
> 113Mg o} Evolved star, giant
2 ; ()217M,
5 J274M6 @ /v
= cluster H3-D . Three-body
L tidal mass interaction
L] ° - " L
u to flve Seeds I n the 2 78Mg, ’”G—‘D? GW merger
2| 111m,| 147Mo =
Q (O]
~

same cluster vell

@ main
O119m, progenitor

S, 58M,
=| |53M 84M., . 148M.
o HASM , A5V o
m cluster H3-E o
M tidal mass loss cluster H3-C
43M .
s ). tidal mass loss
= %%
=) 105M¢
<

cluster H3-C
tidal mass loss

a number of SMBHs
seeds removed by somyr
three-body interactions .
and GW recoil kicks,
others remain

8.6 Myr - GW merger
2062Mg & 34 Mg,
recoil 3 km/s

20.5 Myr

N 3-body interaction

\. 338M.

marginally unbound

9.0 Myr -
50.0 Myr

- 20.9 Myr - GW merger
2094M, & 60 My, - recoil 9 km/s

347M.
2150M,

43.0 Myr - GW merger
2150M¢ & 55 Mg, - recoil 8 km/s
2201M,
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Answering the earlier question...

but do young, dense, low-
metallicity star clusters
look like this?

LISA Astro Working Group Meeting 2024 -- Antti Rantala



Yes, after ~10 Myr...

- BUT

... the SMBH seed formation

has already occurred! w

but do young, dense, low- o | e
metallicity star clusters ... and the BH q?
look like this? content of the cluster .., L | ﬂ

is very different to the =5 ‘r ,

LISA Astro Working Group Meeting 2024 -- Antti' §r8l
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Gravitational waves

* |solated monolithic and
hierarchical assembly
setups predict a very
different GW fingerprint

monolithic

star cluster
formation ()

a
-
C

hierarchical star et 2555

Q1M

cluster formation

cluster H1-C cluster H1-D cluster H1-A cluster H1-B

cluste’
2640

11 M
P ain clustes
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w2-C
© 23

x10°

onain cluste

4
ime  L1x10°Mo 5.9x104 M@ 2.0x10° M@ 4.4x10° M@
4 | Q© 130m,, Q12s8m 95M
£ do
o ; Me
o main cluster 13aMm e
— progenitor 330M
s
=) 100M 1256 M
Pt
U 113m
o 129M
Sy 2w
Sho1vQ O3om v recoll
2
| g2 9 i kls
- 348M, 63Mo . : 16\
il 179M 81M 12em asM P 1256! ealkrecol
z S0m, 12 13 /s
P f 109M as™
= 89M.
N star clusters 24m 74m - wgak(/ecoﬂ
2| ——— Merger tree leading WY akm/s
= to IMIBHs 127m e o
= Main sequence star
IR
Evolved star, HG, giant ! )
5 @ s8H/MBH 500 h‘grarc'f‘“a\é\[\\p\e
2 i RIVEER
o % Cluster H3-g K recol
“ 12M Mo Laxiotpy 3 ilu“e’ H3-g ¢ My Sls
d ] o L1x1g c
i J Q s Xw M ;'15:;5 EE;«\M
117, cl
g 348M M Uster H3.c
$L 6.6 Myr -
d 7.0 Myr
1194M,,

542M

7.0
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— 18.5 Myr
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1194 M
&348M
185 v
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Gravitational waves

* Simulations predict
IMBH GW merger
population with g~ 1/10

* Current o
LIGO/Virgo/KAGRA =
searches typically up to E
~500 M(%, cannot

observe higher-mass
(low-frequency ) mergers
very well

e LISA, the Einstein
Telescope, the Cosmic
Explorer

GWTC-3
O simulations

IMBH-IMBH

O o]

IMBH-BH 0O 1

BH-BH o o g @ |

o |

mb= .

oM, 232M, 100M, “316M, -1000M,
10" 102 10°

m_ M)
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How about binaries... and triples?

{Rantala 2024d in prep. }

* Binaries, triples and massive singles increase the
SMBH formed seed masses by up to ~ x3
105 T

0 single stars /-’;“ 1?'\0?’
0 single stars, m __ =450 M | ;\:;\e‘* . binaries,
10% binaries > "/ - - triples;
& - 4 binaries and triples 5in8|es with mmax
g [ 1 450 Msun
8 10°F Lsingles with mmax
Q 1 150 Msun
% 10%§ + . q
: e O T S o
0 F ~ ~N
: =5 Mye Max SMBH seed
1 e a sl aal sl 2 N .
0 o 05 o0 mass ~/000 Msun in

S u b-Cl u Ste r m@§§ Working Group Meeting 2024 -- Antti Rantala

\the current sample)




Maximum collisional SMBH seed mass?

e Afew % SMBH seed

formation efficiency +

JWST z>10 star clusters
= 77?77

SMBH seed mass [M _]

sk
-
(@)

similar %: Gieles+18, Fujii+24

JWST

- general relativistic instability record
: star cluster .~
5 | + runaway collision SMBH seeds massg.x‘
10%F  simulation: Rantala 2024d in prep. | .
.-"4"" po*
»‘«"“’
104 IE' ) - ‘P“’ “«0
3L ' heavy seeds
10 Ilght seeds %tt
: tﬁ*‘# this -
+ " state-of-the-art project
10%F .s_r...itﬁ . o
10° 10 108 108 10’

sub-cluster stellar mass [M O]



Summary and outlook

* Hierarchical star cluster assembly boosts
SMBH seed formation...

... as do binaries, triples and massive singles.

* Indications that the runaway channel might be
able to form heavy 1e5 Msun seeds, and this
can be tested soon.

* The scenario predicts an uniqgue GW sighature
due to the BH content of the formed clusters

arXiv:2403.10602
by the end of 2024

be a definite test for the scenario. 2025

LISA Astro Working Group Meeting 2024 -- Antti Rantala

* Next-gen gravitational wave observatories will




The KETJU scaling and speed update
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The KETJU scaling and speed update

regularized interactions between
hysical stars and SMBHs

regularized interactions I
between all particles, | p
including population particles

@
e Regularized integrator
scaling improves from
2
MSTAR O(N ) to O(N)
integrator Removes the
i - ttleneck
iImprovements Results remain speed bottlenec
unchanged at OT KETJL.J
1% level simulations

Image credit: Matias Mannerkoski

The new fast KETJU will be made publicly available
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on the job market this year

anttiran@mpa-garching.mpg.de



Extra slides
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Extra slides

Y —r—rrrm —_—— - ——
Direct N-body and Monte Carlo
simulations of isolated star clusters:
8 " @® Arca Sedda (2023) ® Rastello (2021)
® Wang (2015) | Kremer (2022)
7 F @® Banerjee (2021) B  Rodriguez (2022)
® Kamlah (2022) B  Rodriguez (2019)
® Rizzuto (2021) B Maliszewski (2022)
6 - @® DiCarlo(2020) B Askar (2017)
5
4
3
2 This work:
% isolated simulations
1 F + hierarchical star cluster assembly simulations: 5
individual star clusters in the ICs, Ntot=2.35>< 10
0 M s 5 2 g aaal M s 5 2 2 aaal 2 all M |
103 10* 10° 10°

N
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Runaway collisions?

* Only the most massive
growing objects in each
simulation show periods
of runaway growth
behaviour

| o— MS ' BH3-B -
&—— evolved star, giant
&—— BH/IMBH BH2-B
103t BH1-B
i .
s BH1-D, BH2-C, BH3-C, BH3-D
S : BH3-E
e ]
BH3-F
10% [ ;
L
0 1 2 3 4 5
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