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What will we do in the 1.5hrs? Crash course on

1. Compact objects from the death of single stars
2.  Binary stellar evolution

3.  Dynamics of compact objects
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Stellar evolution models

Bok globule

T-Tauri

N
.

D BH massless
Brown dwarf | HeWD COWD \ remnant
<0.1 M <0.5 M <6-8 My >40 My

H not ignited He not ignited | C not ignited PPISN & PISN




LISA School in Les Houches

Manuel Arca Sedda

sssssssss
vvvvvvvvv

Stellar evolution models

Stellar remnant:
s Brown dwarf (BD)

mmm Black hole (BH) No Remnant

3 White dwarf (WD) =8 Neutron star (NS)

Sub-'stellar Very-low | Low-mass | Intermediate R Ve Ksive s
ObJCCtS mass stars stars mass stars
Mzais 008Mo 08Mo  2Mo  8-10Mo  25Mo 110 Mo 230 Mo ]
s > 100 Gyr ~20 Gyr ~ 1 Gyr ~ 35 Myr ~ 7 Myr ~ 3 Myr ~ 2.5 Myr
TCHeB - - ~280Myr ~35Myr ~0.5Myr ~0.32 Myr ~0.28 Myr
Ticid - - ~25Myr  ~ 03Myr ~0.01 Myr ~0.004 Myr ~0.003 Myr
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How many?

The fraction of stars with mass between m. and m,

1
e gmyam

p(m1,me) = —
S p(m)dm
Assuming a power-law initial mass function ¢(m) oc m™¢
mi_o‘ — mé_a
p(my,my) = - > and a =2.35 (Salpeter), m . =0.08 M ., m__ =300 Mg
Mmaz — mmz’n
Type > Hubble WD NS BH PISN IMBH
Mass <08M,, | 0.17-13Mg,  132(9Mg,,  3(2)-50M, : >100M,,
Occurrence 95.5% 4% 0.1% ~0.05% ~0.004% ~0.0006%
rate
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What are their masses?
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Why some masses?

GW190521

The most massive black hole collision
observed so far

Discovery
21 May 2019

Binary Black
Hole Merger

A

High
Masses

This is the heaviest
pair of black holes
which have ever

been observed L _

colliding.

s
Origin Story
The black holes which collided to
* W @ ’ make GW190521 are so massive
e®

that we're not sure how they were

formed.

N One possibility is that they are
both the result of previous black
hole collisions.

3 Detectors
Three detectors made the
observation: the two LIGO detectors
in the USA and Virgo in Italy.

Distance

17 billion
light years away

85 66 Premerger

Merger

142 Remnant

suns

GW190521

.
Ringdown
The black hole formed in the
collision continues to vibrate after

\ the merger, and “rings” like a bell

| for a while. This lets us test our
theories.

N 4 Once again Einstein’s
= g General Relativity passed
this test.

astrophysical
distribution of
known LVK black

\

hole masses

“UPPER MASS GAP"

100 150
MASS [SOLAR MASSES]

Mect GW231123

a gravitational-wave signal from the most

massive binary bla

travelling from

HIERARCHICAL
ORIGIN STORY?

The high masses

® ¢ and spins of
. Gw2g

123's
components

& Rty

GW231123
final black hole

¥ . LGO ¥

for a duration of
0.1 seconds, on
November 23,
2023 at 13:54 UTC

ck hole observed to date

2 - 13 billion light years away ...

i GW231123 was detected by just two
i detectors of the global network
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Binary evolution: the route to the formation of compact binaries

What are the formation channels of neutron star and black hole binaries observed through their GW emission?

Isolated binary evolution Dynamical formation
Two stars born together in the same cloud evolve into a Two initially unbind BHs (or their progenitors) find each
merging binary solely via stellar evolution processes* other inside a star cluster and merge via hardening*

Credits: A. Gelle

*and GW emission
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Isolated binary evolution

How do we model binary stars?

ag = +0.3 £0.7,

Primary mass

ay;= +1.3 £0.5,

d(m) o« m™“

a; = +2.3 * 0.3,

Multiples az=4+23x07,
E ¥ =l T y R TR
+ Single Star Fraction F,_gqs0.1
(SN 1. Binary Star Fraction F_.c501
¢ Triple Star Fraction F,_p.q50.1
O5F ... Quadruple Star Fraction Fas3iq0.1

T 1A

ittt s e s e e e s anins o % R

st s bossoedns oo e oo b

1 10
Primary Mass M; (Mg)

0.01 = m/Mg < 0.08,
0.08 = m/Mp < 0.50,
0.50 = m/Mgp < 1.00,
1.00 = m/Mg,
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Isolated binary evolution

How do we model binary stars?

Primary mass Secondary mass?
_ a) Random mass-ratio (q=0.1-1)ifm, >5M
¢ ( m) xX m o 1 SUN
b)  Random pairing if m; <5 Mg
L ) p(q)~q”' (Sanat12)
Semimajor axis?
a)  Logarithmic flatIn( R, + R,)<Ilna<Ilna,,,, Orbital period?

b)  Guassian/Maxwellian?
2)  p(P)~PO% [P=log(T, /day)]

c) Power-law?

Eccentricity?
a)  Uniform

b)  p(e) ~ e (Jeans19, Ambartsumian37)

) ple)~e’
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Isolated binary evolution

—
K'E ‘7 XTE J1650

4 2 | Q o GR:oog
1. Wind Mass Transfer Q e 169
2. Roche Lobe Overflow (RLO) ~r W

XTE J1859
2
-

) 5

GX 339-4 GRO J1655
MAXI J1820 80620:00

3. Common Envelope (CE)
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Isolated binary evolution
RLO and CE

The potential generated by a binary can be represented through
equipotential surfaces. Points of intersection of equipotential surfaces

mark points of equilibrium (stable/unstable)

L1 is the minimum contact equipotential surface, where the

gravitational pull of m1 and m2 balance each other.

The two region embodying the stars are called Roche lobes.

If a star fills its Roche lobe, matter flows without energy change

through L1, causing mass transfer.

This generally happens when

1

0.49 ¢%/3

a 0.6¢%34+1In(1+q'/3)

Eggleton 1983

y/Rg

0 100 200

—-100

M; = 15.0 Mg a = 100.0 Ry
M, = 7.0 Mg Porpb = 24.7 days ]
L, = 57.8 Ry
: L5
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Isolated binary evolution
RLO and CE

- Donor loses mass and its structure adjusts trying to reach a new equilibrium

- Ifthe timescale over which RL change is > than that for hydrostatic & thermal equilibrium: stable mass transfer (SMT)

- Otherwise: common envelope (CE)

The two cores spiral in till
they merge becoming

/ a single star
e The energy released
during the spiral in

removes the envelope:
Drag by the envelope The two cores form a new
leads the two cores to

tighter binary
spiral in

The first one evolves out
of MS expands and start
mass transfer onto the second

Mass transfer becomes
unstable: CE phase

Two massive stars initially
underfilling Roche lobe
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Isolated binary evolution

t [Myr]
0.0
3.6825
3.6829
3.9953
3.9953
4.6914
4.6914

—~

(e}

S

< | 50286

N’

+

o p—

ﬁ 5.0286

z ;

>

3

— | 6882

o

ZAMS, Z2=0.0007
844Mo  MS . MS 58.8Mo
RLOF
81.9 Mo o 56.0 Mg
HG MS
36.6 Mo 4 67.0 Mo
33.7Mo WR star Ms 66:9Mo
direct¢
303mM, BH @ MS  66.9 M,
Agpin1=0.0
CE
30.3 Mo Q - 63.1 Mo
[ e
B_H - 28.2 Mo
30.7 Mo aspn1=0.042
30.7 Mo BH o WR star 26.4 M
3spin1=0.042 ¢direct
30.7 Mo BH e e BH 23.8 Mg
Agpin1=0.042 Xeff = 0.086 agpinz=0.142
BH

a[R,] e

1472 0.32

1507 0.32

1640 0.0

1888 0.0

1960 0.04

2040 0.04

33.9 0.0

35.0 0.0

36.8 0.05

Schneider+(2023)

M
MCOl'E
env,1
Stripped
star 1 core,1
MBH. 1

Common-envelope .-~

channel & N channel
M
core,2 '
M_
env,e
Stripped star 2 .
MBH.l EO Mcore.Z MBH.I .E ° Mcore.l
MBH.l‘i. My, MBH.I.v ® My,

M

ini,2

1° mass transfer

" mass transfer

" Stable mass-transfer
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100 -

Metalllicity

3 (0.01-0.04) Z, [ (0.20-0.50) Z,
[ (0.04-0.08) Z. 1 (0.50-1.00) Z.
1 (0.08-0.20) Z. (1.00-3.00) Z.

1

" 10! ' - 102
my [Mg]
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107
Metalllicity
109 - 3 (0.01-0.04) Z, [ (0.20-0.50) Z,
[ (0.04-0.08) Z. 1 (0.50-1.00) Z.
105 - 1 (0.08-0.20) Z. (1.00-3.00) Z,
; A
g 10* 5 I
=
2 1073 :E
< L
5 . E aly BBH mergers from
WS L - isolated binaries have
10! - 1 m] <70 MSUN
10° - 1
10! 10?
my [Mg]

Metal rich environments
host lighter BHs
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Isolated binary evolution
107 Ty
Metalllicity =
106 - 3 (0.01-0.04) Z, [ (0.20-0.50) Z P
1 (0.04-0.08) Z, [ (0.50-1.00) Z, & §
10 1 (0.08-0.20) Z,, (1.00-3.00) Z, 8 >
K Ak
g 10%; ¥ o | >
-] Ele
= 10° 5 :E X |~ L~ Cosmic Star Formation Rate
B L = = a4l : | i 0 5 0 3 0 s Pniai
102 _r—"L_L = "o 1 2 33 4 5 67 B
' iy = Redshift
10! ; :L
] 2
100 | 000 111 dP__ o 1 oo 00E0@D — Q)
10! 102 dlog,o(2)"  o\2n 202
my [Mg]
This shows us just what s the BBH population at y = log (Z(_,)) __ In(10) o2
different metallicity, what about the cosmic evolution? 10 A :

Z(') =Zo |00.153—0.074.;|-N
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Isolated binary evolution

Zmax
@ F(Z,z,Z)dZ '

min

Merger rate

L
Zmax 4

dr(Z
Lookback time (Gyr) d(zl) =[Ho(L + )7 [ +2)°Qur + Q]2
Z

-
N

I «ANE, z2Z)

el T

log v (Mg year™' Mpc3)

This term depends on the stellar evolution model, binary
distribution, cosmic metallicity distribution ...

Redshift
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[ I 1 [
— 2k BNS © 5
107 i 0T i
L £ i — L o
w | - 102 7 B
IU [ IU - a )
&10% { & | g1o%: 3
= o 1 101 . ”
& [ — =05 ace=5.0 27 ¢ s
R [ — ag=1.0 90% GWTC-3 R ] R . |
10% — a=3.0 1- 100+ ] 100 lorio+23 -
£ ! | ! | | i t I | | | ) LR £y I | i | | 1
0 04 1 2 4 9 15 0 04 a1 2 4 9 15 0 04 1 2 4 9 15
Redshift Redshift Redshift

Integrating R(z) over the cosmological volume returns the number of mergers per year [O(10°/yr) for typical models]
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Isolated binary evolution

Integrating R(z) over the cosmological volume returns the number of mergers per year [O(10°/yr) for typical models]

106 5
3 [ primary [ secondary

0
10" nl

10! 8 107 10 20 30 40
m M.,
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Isolated binary evolution

1x107'8

1x10719 |

~1
he < D;

T
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wv
o
) i
.(h
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g § D, =100 Mpc (z~0.02)
_;:'E [
@] 22 |

XL gz=0s

1x1023 L v
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L il il
0.001 0.01 0.1

freq [Hz]
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Isolated binary evolution

. o BHBH NSNS WDWD
1x10™7 | ® tow = 104107 yr tow = 10107 yr 4 tow = 104107 yr 4
: O >( m, , = 10-30 Mg, m,, = 1-2 Mg, o MiaTOSL3 Mg,
5 o] O 3 D, =1-100 kpe | 2 D, =1-100 kpe D, =1-100 kpc |
B ol
g = SNR < 10°
=
1x10%
1x1072! 3
0.00010 0.00100 0.01000 01000 00010 000100 T 00000 0.10000 0.00100 0.01000 0.10000

freq [Hz] freq [Hz] freq [Hz]
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Isolated binary evolution

$#8°  Galactic WDWD Binaries
@ \Verification Binaries
N 10~ 16 ¥V  Galactic WDNS Binaries
I ¢  Galactic NSNS Binaries
2 1 @  Galactic BHNS Binaries
=, 1 ©  Galactic BHBH Binaries
> Stellar Mass BH Binaries
@ 10-17 4 = Multiband Sources —
o 5 N
@) ] x
1 o
© ©
5 S
D b=
-18
o 4 1}
210 5
() ~
= >
= o]
et 2
o n
£ 1010, g
] =
5 i = 5
= 1 Observatory )
wn Sensitivity <
10_20 i Galactic Foreground cﬁ
=== Total
1074 103 107> 1071

Frequency [Hz]
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Isolated binary evolution
10'9 Gw190521

3
10°4 Gw150914

by 1month oo

nent h

10?
Vireo cluster

10!

10°

LISA White Paper (AmaroSeoane+23)

—— 50Mg + 50 Mg
— 10Mg; + 10 M,

Luminosity distance (Mpc)

103 — 12Mg+12M,
].0—_l 1 T ! ' LN L B L | v ' ' LN L B | T T T 1T TT
104 103 102 10-!

GW frequency (Hz)
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Isolated binary evolution

10 GWI90B2L -
1034 o LY
.(.I.\.\-l-).“..'l_l ................................... SV | month
é‘ 102 nent h
<  jVigocuster AR e S
"; 101 1%y K
E.'é LLocal Gr( up
[ Loiidoio: SRS A .
n
< 109 _
. Milky Way
RN A AR c——
& 10-!
= 100 M, + 100 M.,
& 152 —— 50Mg + 50 M
—— 10M, + 10 M,
16~2 — 12Mg +1.2M,
—— 0.5Mg +0.5Mg
].U_JI T e o B i 1 | T T L B B L | T T LI B R B |
10~ 10-3 102 10~

GW frequency (Hz)

LISA White Paper (AmaroSeoane+23)
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Dynamical formation

BBHs

- Three-body interactions and binary—single/binary—binary

(Downing+09, Banerjee+10, Ziosi et al 2014, Rodriguez+16,17,19, Askar+17,
Banerjeel7,19,20, Fragione+18, Antonini+18,19, Di Carlo+19, Arca Sedda et al
2024, Paiella+25,...) o ————_

- <

N -

Light IMRIs: IMBH + compact object (Amaro-Seoane+07)
- IMBH mass ?

- compact object: BHs (2.7%), WDs (16%), NSs (0.2%)
(Arca Sedda+19, see also Konstantinidis+13, MacLeod+16)

Heavy IMRIs: IMBH + SMBH (Amaro-Seoane+22)

- Minor galaxy mergers (?)

- Nuclear clusters (Ebisuzaki+01, Portegies-Zwart+06, Arca
Sedda&Gualandris18, Arca Sedda&Capuzzo-Dolcettal9)
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Dynamical formation

Galaxy’s zoology - many star cluster flavours:

Open Clusters

Young Massive Clusters

Globular Clusters

Nuclear Clusters

" _https://earthsky.org/todays-image/photos-milky-way-galaxy-2021/

s PRERR L
Omega
M24
G M23
M25 G ,
x M21 ”
Nebula ;
e Trifid ¥
Dark River
(interstellar dust)
M22 ’ |
y 8 &
v
Nebula -
the Lagoon e
& V3o Ak, Pipe nebula
2 (intersteliar dust)
\ 4 Rho Ophiuchi
Center of the Milky Way Region
Supermassive Black Hole « .

Sagittarius A * ME2

' s / \
M4
M6 Antares Star
(Red supergiant)
i O

'\ Nebula
Cal's paw
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Open Clusters (OCs): .

Hyades *
e N> 1,100 known OCs in MW (likely > 10*?)

e C(Cluster properties Ve|8ﬂ“n‘f“3”u'ster
2 104 ;
MOC ~10°-10 MSUN .
RHM,OC ~ 2 pC 47 Tucanae
Opc ~0.1-5 km/s

e Age/Lifetime: 0.3-1 Gyr
Cluster teenage mortality

e Form in disc of spiral and irregular galaxies

e Binarity ~40-100%
(larger the star mass larger the binarity)

Refs: Salaris+2005, Piskunov+2007, Sana+2012, Netopil+2017,
Moe & Di Stefano 2017, Shukirgaliyev+2018, Cantat-Gaudin+2018

*

Alpha Persei
Cluster

Wishing Well

Cluster

Butterfly Cluster

younger

Pleiades

AL %
.

Ptolemy Cluster

¥

Jewel Box Cluster

- Coma Star Southern Pleiades
Cluster :

BeehjvE Cluster ©  Omega Centauri

- Little Beehive

Double Cluster Cluster
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Globular Clusters (GCs):

e N~ 180 known GCs in MW (likely > 200)
: -5

® M., ~0.001-0.01 M,; M . ~6x10°M

e In-situ (70%) / accreted clusters (30%)

HALO

e  Multiple populations (light element abundance variation)
e C(Cluster properties

M ~10*10°M

GC SUN
RHM,GC ~1-5pc
Oge ~ 4-6 km/s

o Age/Lifetime: 10 Gyr
e Binarity < 20-40% (g>0.5) (.. but they’re old!)
e Rotation, spherical/elliptic, IMBHs ...

Refs: Harris10, Harris+14, Forbes+10, Milone+15, Lucatello+15, Gratton+19 ... o DHDS 5/ 4pod.nase. go’ | {Credit NASA, BSA.


https://www.eso.org/public/images/eso0844a/
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Young Massive Clusters (YCs):

e N~300in MW, LMC, SMC
e GC progenitors?

® gas

e Galactic Centre

e C(Cluster properties

b 5 Arches ' ; "
MYC ~ 10 -1 O MSUN i http://www.€so.org/public/images/e80092 1a/
RHM,YC ~1-4 pc
Oy ~0.3-5 km/s

e Age/Lifetime: ~0.1-2 Gyr
e Binarity ~ 30 - 50%

Refs: Figer+99, Portegies-Zwart+10, Gatto+20, Davies+17 ...



http://www.eso.org/public/images/eso0921a/
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.
Gal’l&.tlc Centre

NUCICar star Clusters (NC) htjp /1w WeSQ.Or: ﬂ/publlc/ outleqch/plesﬂ lel/gopynoht htr&

e N~ 1 per galaxy

e complex SFH

e (Galaxy centre: w/o SMBH (?)

e Scaling relation with host galaxy

e Formation scenarios: in-situ or dry merger
e  C(Cluster properties

5 8
M. ~10%-10°M,,

EHT collaboration
RHM,NC ~ 1_4 pC https://www.eso.org/public/i

mages/es02208-eht-mwa/
Onc ~15-10° km/s

e Age/Lifetime: ~ 1-10 Gyr
e Binarity ~ 1-5%?

Keck/UCLA Galactic 05 ®

Center Group

Refs: Figer+99, Portegies-Zwart+10, Gatto+20, Davies+17 ...


http://www.eso.org/public/outreach/press-rel/copyright.html
https://www.eso.org/public/images/eso2208-eht-mwa/
https://www.eso.org/public/images/eso2208-eht-mwa/
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Star cluster evolution - #1

* X > A star passes within a distance b from another star, which exerts a force
F
+ l b 9 b F, = Gm?/ (b? +x?) cosd = Gm?b (b? + x?)¥? = Gm?/b*
[1+(tb)]

The “encounter” changes the star velocity vector by ov:
b+db
8v|=8v ~8v, = 1/m][F (t) dt = Gm/b? [ 1+(v/b)*]*2 dt = 2Gm/bv i
a 90-degrees deflection happens if 6v/v ~ 1 — by = 2Gm/H?

For a cluster with N stars and size R, the surface density is roughly given by N/nR?,
thus our star will undergo a number of encounters with impact parameter between b and b+db

dn ~ N/nR? 2nb db

Interactions are random, thus |6v| ~ 0, but the mean-square velocity variation
<Gv>2=3% 5v” ~ & dn = (2Gm/bv)? (2N/R?) b db

thus the average mean-square velocity variation per crossing will be

AV=[X 87 ~8N 2Gm/bv)*In A where A = b_ /b . ~R/byis the so-called Couloumb logarithm
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Star cluster evolution - #2

The “encounters” cause a diffusion of the star velocity, differently from the steady velocity variation impinged by the overall cluster mass distribution
The typical velocity of a star moving in a cluster with N stars and size R is roughly

v2 ~ GNm/R

thus the number of crossing needed for the star to vary its velocity by a factor Av?/v? will be

n_ ~v/A*=N/(@8InA)

relax

The crossing time, i.e. the time needed for the star to cross the cluster, is roughly t
initial velocity of our target star is the relaxation time

= R/v, thus the timescale over which encounters will change the

SS

cluster type N R (pc) t o (MYT) t o/ teross tage (Gyr)
- N N 32 -1
reax ~ toross Mretax ~ 0-1 N/ (10 N) £, o~ 0. IN/(In N) R (GNm)™, open clusters 10° 2 4.2 2 0.01-1
note that A=b__ /b . ~R/by =R/ 2GmAH?) =N
young clusters 10* 2 0.4 10? 0.1-1
Clusters with t |, < lige @T€ “collisional” globular clusters 10° 2 0.1 8x10? 10

nuclear clusters 107 2 0.01 6x10* 10
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® Halo (colder)
@ Core (hotter)

Star cluster evolution - #3

The cluster can be divided into

halo - low density, long relaxation time
core - high density, short relaxation time

Stars diffuse from the core outward:
some stars gain energy — mass loss (evaporation)
some stars lose energy — cluster contracts

We can treat the core as a gaseous medium with negative heat capacity

The situation proceeds “indefinitely” up to the

core-collapse = zero radius, infinite density o 10° ) '
(see also gravothermal catastrophe)

j— 106
toe ~ 15t (r=0) (e.g. Cohn 1980)

S
Note: foraGCt  ~ 1 Gyr — t . > Hubble time (?) S 10
10°
What happens afterwards?
For N > 8,000 stars the core develope gravothermal oscillations .
10 100
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Star cluster evolution - #4

All the things we discussed so far rely upon an idealised single mass star cluster,
but real clusters are characterised by a broad mass spectrum... so?
Let’s consider a still simplified case N

a) two populations of stars with masses either m, >>m, F
b) ¥m, <<¥ym, 1

Thus, the mean kinetic energy of the population is roughly 3m 162

Since m, >>m,, diffusion is dominated by one main term,
called dynamical friction (Chandrasekhar 1943):

_ 2 3[v2 2
dv/dt = -16nG’m,m,InA v,/v,* [ 2 dv, v 2 iv,) @
The heavy star transfers energy to the lighter stars that move slower, thus: -7 =S O

lighter stars are pushed on wider orbits, whilst heavier stars sink toward the cluster centre v O O R O
(mass-segregation) /

O
O
O
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Star cluster evolution - #5

If the cluster is represented by an isothermal sphere, a massive star would drift into the cluster centre at a rate
r dr/dt ~ -0.302 Gm/c InA (Binney and Tremaine 2008)
which can be integrated over time from 0 to t__to derive the mass-segregation timescale

toe~ 1.17/InAM (r)/m t

Cross

The process leads to core-collapse on a shorter time compared to the single-mass case
tee~02t  ~0.02N/(InAN)t_  (Portegies-Zwart and McMillan 2002)

Roughly, a star with 10(100) Mg, ends its life over a time ~ 15(4) Myr, thus we have two teams!

cluster type N R (pc) t . (Myr) t,r(Myr) toc (Myr)
open clusters 10? 2 4.2 4.4 2.3
young clusters 10 2 0.3 14.1 7.2
globular clusters 10° 2 0.1 36.8 19
nuclear clusters 107 2 0.01 257 131
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Star cluster evolution - #6

M., = 10M

R.=0.5AU

At core collapse stars can
start forming binaries via
3-body interactions
(more tomorrow)

A binary is born!

Interaction time-scale < stellar evolution

- stellar collisions and mergers

- possible formation of a very massive star
- possible formation of an IMBH

Interaction time-scale > stellar evolution

- BHs form a sub-system and dominate dynamics
- possible BHBH mergers

- possible onset of hierarchical BHBH mergers
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Star cluster evolution - #7
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Star cluster evolution - #7

Clusters with short collapse times

Mass (M)
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Star cluster evolution - #7

Clusters with short collapse times

Interaction occurs before all massive stars turn into compact remnants . . j‘> *
Hyperbolic
encounters
.>Q / 3-b0dy \
encounters +
Binary-single O
encounters
Q| \_ / "
' . Binary-binary
encounters
‘e - @

N

~=
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Star cluster evolution - #7

Clusters with short collapse times

100 T T T T T T T
Interaction occurs before massive stars turn into compact remnants .
7 = 0.0002 Di Carlo (2019) @
Single BHs —
Hyperbolic
encounters

VT

encounters

Binary-single
encounters

@ | \_ /

. Binary-binary
encounters

0 20 40 60 80 100 120 140 160
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Star cluster evolution - #7 - e e

0.21 Myr, 0.01pc, CC 4.83d
Clusters with short collapse times 823Mr;0:0205, £ w2y
0.31 Myr, 0.02 pc, CC 4.37d
0.59 Myr, 0.02 pc, CC 87d
0.62 Myr, 0.01 pc, CC 98.4d
. . . 0.84 Myr, 0.03 pc, CC 13.3d
N-body simulations by Rizzuto et al (2021,2022) MO . .
0.84 Myr, 0.02 pc, CC 161d
Progenitor #1 \ 0.96 Myr, 0.13 pc, DBC
/ Progenitor #12 @ l 1.17Myr, 0.20 pc, DBC
Progenitor #2 IMBH = 1.21Myr, 0.04pc, CC 17.3d
1.79Myr, 0.02pc, CC 21d
. 2.37Myr, 0.01pc, CC 8.03d
Progenitor #3 2.42Myr, 0.07 pc, HC 9344
2.70 Myr, 0.02 pc, CC 3.18d
3.89 Myr, 0.08 pc, DBC
6.12 Myr, 0.03pc, CC 12504d
6.96 Myr, 0.02 pc, CC 1.03d
8.19Myr, 0.04 pc, CC 6.49d
2 7 Myr 8 2 Myr 113Myr, 0.08pc, DBC 0.06d
- Evolution  ------ Collision * Main-Sequence e Black Hole
%%WOWW
10 10 10 10 10 10 10

M[Mo]
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Star cluster evolution - #8

Clusters with short collapse times

Stellar mergers

Primordial

15M, -
° 132M, l 231 M,
..... 6w
l Merger

1.5

Arca Sedda et al (2023)

Stellar types

.MS

l Merger

l Merger 24
365 M

0.6 M,

[ Star-BH mergers

288 M,

6.2
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Star cluster evolution - #9 |
" ~ . A
Clusters with short collapse times L - i ! /1 e ~e
) ) 0 6 E”‘«-.L_ff.:é; e :;:,L _____ ‘\\.“-‘.k \\‘_;‘ .
The central escape velocity is roughly 2 ‘ .,«' [ =¥ o
= 0,
M 1B Bum Y 2 U
0.2
While the typical recoil kick received during a i Arca Sedda+(2023,2024a,2024b)
strong dynamical encounter is given by (Heggie75) 1500
e [ Gmyme mp (1 aﬁn>]l/2
rec — -
agin(mi1 + m2) mi + ma + my a iflOOO
§ = i ““'.\ \\\
~ 500 I N
NS Y. _
A .
___________________________________________________ P amm: B
100 150 300 250 “300 350 100

men [Me)]
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Star cluster evolution - #9

Clusters with short collapse times

For m, >>m, , the recoil reduces to

Uree ~160km /s X
qu/2 my Y2/ ap 7V (1_ a_f)1/2
12 30M@ 1 AU a

The more efficient the hardening, the more powerful the kick.

Vrec [KnV/s]

10000

1000 k

100 |

10

| == =0.100; m1 = 300 Mgy
f = q=0.033; m1 =900 Mgy
| == q=0.020; m1 = 1500 Mg
| == q=0.014; m1 = 2100 Mg,
q=0.011; m1 = 2700 Mgy

0 0.2

0.4

ag/a

0.6 0.8 1
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Star cluster evolution - #9

Clusters with short collapse times

For m, >>m, , the recoil reduces to

Uree ~160km /s X
12 30M@ 1 AU a

The more efficient the hardening, the more powerful the kick.

The IMBH can escape with its companion and possibly
merge for the last time outside the cluster

Vrec [KnV/s]

10000

1000 k

100 |

10

| == =0.100; m1 = 300 Mgy
f = q=0.033; m1 =900 Mgy
| == q=0.020; m1 = 1500 Mg
| == q=0.014; m1 = 2100 Mgy
q=0.011; m1 = 2700 Mgy

0 0.2

0.4

ag/a

0.6 0.8 1
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Star cluster evolution - #9

Clusters with short collapse times

For m, >>m, , the recoil reduces to

Uree ~160km /s X
qu/z my 1/2 aj —1/2 (1_ a_f)1/2
12 30M@ 1 AU a

The more efficient the hardening, the more powerful the kick.

The IMBH can escape with its companion and possibly
merge for the last time outside the cluster

Vrec [KnV/s]

The maximum IMBH mass is generally dictated by the collision process

10000

1000 k

100 E

10

| e q =0.100; m1 = 300 Mgy
f = q=0.033; m1 = 900 Mgyy

== q =0.020; m1 = 1500 Mgy
[ = q=0.014; m1 = 2100 Mg ;x

q=0.011; m1 = 2700 Mgy
1 1

0 0.2 0.4

ag/a
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Star cluster evolution - #10

Clusters with long collapse times

Fo (PC)

rrr
* MW open clusters

M Young massive clusters
* Old globular clusters
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Star cluster evolution - #10

Clusters with long collapse times

Phase I.
1 I The cluster undergoes core-collapse, BHs form a
self-interacting subsystem (BHS)

BH/

subsystem
formation

Core Radius

Breen and Heggie Time
(2013a,b)
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Star cluster evolution - #10

Clusters with long collapse times

Phase 1.
The cluster undergoes core-collapse, BHs form a
self-interacting subsystem (BHS)

Phase 1.
Strong scatterings eject the most massive BHs
from the cluster

BH/

subsystem
formation

Core Radius

Core bounce
in BH subsyste

Breen and Heggie Time
(2013a,b)
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Star cluster evolution - #10

Clusters with long collapse times

"

=)

® BH o
o subsystem
W formation
—_

(¢)

O

Core bounce
in BH subsyste

111

Near-depleted
BH subsystem

Breen and Heggie
(2013a,b)

Time

Phase 1.
The cluster undergoes core-collapse, BHs form a
self-interacting subsystem (BHS)

Phase 1.
Strong scatterings eject the most massive BHs
from the cluster

Phase I11.
The energy support from hard binary is missing,
the core re-contracts
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Star cluster evolution - #10

Clusters with long collapse times

Core Radius

111

Near-depleted
BH subsystem

IV

Restored balanced
evolution

/

BH/

subsystem
formation

econd core

Core bounce
bounce

in BH subsyste

R 7

Breen and Heggie Time

(2013a,b)

Phase 1.
The cluster undergoes core-collapse, BHs form a
self-interacting subsystem (BHS)

Phase 1.
Strong scatterings eject the most massive BHs
from the cluster

Phase I11.
The energy support from hard binary is missing,
the core re-contracts

Phase 1V.
New energetic binaries are formed, core expands
and reach a ~ equilibrium (slow expansion)
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Dynamical formation

Gaussian 0.5

Gaussian 0.2 Maxwellian 0.2 1.0
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Dynamical formation

It’s hard to grow up: the impact of Newtonian and relativistic dynamics on IMBH retention

Newtonian recoil

yes o
is the interaction rate larger than t. Ejection

the GW-driven hardening rate?
The IMBH forms no s
and settles in the /

cluster centre //
Relativistic recoil
The binary shrinks via
repeated scatterings
Encounters becpme Depends on IMBH-BH mass-ratio

It pairs up with a rarer and more violent As large as 10*km/s

compact companion
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Dynamical formation

- GWs carry away linear momentum from the binary
- In circular equal-mass binaries, the momentum stolen over one orbit is ~0 for symmetry reason
- This IS NOT the case for non equal-mass binaries and/or spinning BHs.

N

Numerical relativity simulations show that (Campanelli+07, Gonzalez+07, Lousto&Zlochower08, Lousto+12)

Vi = vmeéL,1 + vi(cos&eé | + sin&é p) + v, et : :
- Spin=0 *
| Spin = Gaussian(0.5) e
v = An?J1 — 4n(1 + Bn) 16403
. HT]Z B 716402 | . i ::.;
v, = ————(a2,|| — gpudL|) E | ek
1 + = A
4BBH g -
> 1e+01 3 B 1
16772 —_ —2 —3 . ]
V| =———Vi+ Vaz + Ve=] + Vel ol
1 + gggpn E :
X las,1 — qppua,L|COS(Pp — @) te0tl | | | |
0 0.05 0.1 0.15 0.2 0.25

asymmetric mass ratio
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Dynamical formation

Hierarchical mergers

t=t rm + tSEV + tDF+ t3bb+ 1:bs—i_ tmer
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Dynamical formation

v_<v_=20~(GM/R)"
e €sc C [

C

Hierarchical mergers

t= tform + tSEV + tDF+ t3bb+ tbs+ tmer ttrav tDF
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Dynamical formation

Hierarchical mergers

t=t rm + tSEV + tDF+ t3bb+ 1:bs—i_ tmer

trav

v
e

C

<v_ =2¢~(GM /R )"
€sC (4 C

min(ty, .t )

rec
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Dynamical formation

v_<v_=20~(GM/R)"
e €sc C [

C

Hierarchical mergers

v
@ rec

t= tform + tSEV + tDF+ t3bb+ tbs+ tmer ttrav tDF mln(t3bb’tbs)

Natal spins?

. . BH mass function? Cluster lifetime?
Dynamical Mergers: Mass ratios? . .
. BH evolution? Cluster evolution?
Remnant spin?
Galaxy velocity 2¢+1g

Isolated Mergers: curve unlikely
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o 90
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Dynamical formation

characteristic strain

1x107)5 perrrrrrrry

t. 100 yr
¢ GW
X107 mI+m2 = 10° + 30

1x107"7
1x107'8
1x107™9
1x10™%°

1x1072!

T T T T T T T

tow=100 yr
ml+m2 = 10* + 30

11072 b
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Dynamical formation
Horizon 100

i T Y T '
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. . PN
- max redshift at which 10 S e
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Dynamical formation

Horizon
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IMBHSs as gravitational-wave sources: heavy - IMRIs

- Merging star cluster in galactic centres

Main processes: dynamical friction (Chandrasekhar 1943, Binney&Tremaine08):

dVM
dt

Vm

= —27In(1 + A2)G2m(M + m) / F(Van) P m = VM)
|vm R le3

Dynamical Friction |
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20 T =15 Myr T =20 Myr T =40 Myr
IMBHSs as gravitational-wave sources: heavy - IMRIs 10} b

g of o ) o ©
P &
Heavy IMRIs: IMBH + SMBH -10 | 2
- Minor galaxy mergers & Nuclear clusters ';';
(Ebisuzaki+01, Portegies-Zwart+06, Arca Sedda&Gualandris18, 20 %
Arca Sedda&Capuzzo-Dolcettal9, Fragione22) 10 L ; 8
]
g ol §
> 1
-10 t s
|<

-20 -10 0 10 -20 -10 O 10 -20 -10 O 10

1 1 L E 1 1

x (pc) x (pc) x (pc)
10 —— . 4.1
Arca Sedda & Capuzzo-Dolcetta (2019)
o . . 4.05
y e o v,.,‘
5 L R Y
e it i : i 4
o "‘“.' - .'.'.:. | o)
- 2 i 395 5
£ 0 ' s
> . 39 2
-
5 3.85
2T ‘,‘:‘.a..\ -®
% 3.8
-10 L 3.75
-10 -5 0 5




éw Manuel Arca Sedda LISA School in Les Houches
30
-
q=1 g
qg=1 AXIS/LynX wem S
25‘ | 46
Athena wem p
s
A
20- g
Growing g
= Light <
S Stellar Seeds
% 151 Realm
10
5 -
901 1010

IMBH.T [M~]



IMBH binaries






Manuel Arca Sedda LISA School in Les Houches

GRAN Sass
..........

IMBH binaries in merging clusters

- Merging star cluster in galactic discs

- In a MW-sized galaxy we expect 1 SC merger per Gyr
(e.g. Khopersov+18)

- If Py ~ 20% —1-2 IMBHB per galactic disc in 10 Gyr
(e.g. Arca Sedda & Mastrobuono-Battistil9)

- At redshift < 1 the number of MW-like galaxies is (e.g. Abadie+10)

4w ( Dp \° L
Ng = — 2.26)°0.0116
¢ 3 (lMpc) (2:26)

- Naively, the number of mergers per yr

z<1—->R=0.1yr!
z<2—>R=17yr!
z<3 —>R=74yr!
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IMBH binaries in merging clusters rr ot
fieh T K
MBH binary evolution
Phase #1: host systems merge 10 ‘g ty (loss cone
107+ ‘5 depleted)
Phase #2: the MBHs inspiral in the merger remnant owing to dynamical friction
Phase #3: the MBHs find each other and form a bound pair
close passages of stars with angular momentum < than a threshold (loss cone) 108 ke ee___m
pass through the MBH binary orbit and steal energy, causing the hardening tgas = 10°yr
r
Phase #5: the binary shrunk so much that GW emission becomes the dominant | r . 2
hardening process (yr) (neglecting ",
loss cone
Phase #6: the MBH binary merge and the remnant receives a kick as large as 10*km/s 108 F depletion)
10°F .
Begelmann, Blanford & Rees 1980

10’2 1 100
r (pC)
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IMBH binaries in merging clusters
MBH binary evolution

Phase #1: host systems merge

Phase #2: the MBHs inspiral in the merger remnant owing t
Phase #3: the MBHs find each other and form a bound pair

Phase #4: close passages of stars with angular momentu:
pass through the MBH binary orbit and steal energy,

Phase #5: the binary shrunk so much tha
hardening process

Phase #6: the MBH binary merge and the remnant receives a

- e o e - - -

tT vt

rlcrh rb fe

t,, (loss cone
depleted)

(neglecting -
loss cone
depletion}

Begelmann, Blanford & Rees 1980

2 1 100

r(pc)



