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Goal
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Gravitational Wave Detectors and Sources

Stochastic
background
/ s
Massive binaries
LISA
Extreme mass
ratio inspirals
ol Core collapse
supernovae
Pulsars AdV
aLIGO
ET
107 10° 10°¢ 10* 10? 10° 10? 10* 10°

Frequency | Hz
Credits: Moore, Cole and Berry

=> Whatis the
that such GW
bursts occupy?
=>  What s the
that will be
detectable by the
upcoming generation of
interferometers?
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http://rhcole.com/
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Overview

. to set the problem

Number of encounters tha

3 binary makes

T 3§ & 8 b B
time (6yr)

- Number of encounters in the last 12Gyr

. The Nbody code — discrimination between and encounters
. 2body encounter with the intruder
= Check on the angle for the 2body encounter —

. Characteristic frequency and strain amplitude

= Preliminary results and future work



Initial conditions

¢ 0.9
Types of clusters: Ny %1 Mpc;. s D3N,
N>(D/3 Mpc) ™, 3 Mpc <D < 16 Mpc,
al 2 p ) p pc,
. Young star clusters N&®(D) = :
(

- N

N3(D/16 Mpc)**, 16 Mpc < D < 60 Mpc,
( N3(D/60 Mpc)®, D > 60 Mpc,
. (NSC) Kocsis et al 2006. N4= 26000

— higher escape velocity (hundreds km s™%)

— easier to estimate, long lived, same age

. Globular clusters

At D=160Mpc Ngal=5 10°

we don’t know the number of BBHs in (- )

NSC function of redshift To be conservative:
% 9 THNEHOn OTTEEe we assume that there are 10°

. : . evolving binaries in a 160 Mpc radius
we can estimate it at the formation of 10 g. on bi P _
the cluster —>N__ =7 \-> first generation binaries
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Initial conditions

/V

Credit: Hut & Bahcall 1983

e Single (m.) & Binary (

) BHs masses from Di Carlo
et al. 2019 (https://arxiv.org/abs/1901.00863)

masses computed from astrophysical evolution
of stars in a dynamical environment

The semi-major axis are generated with a uniform
distribution from 0 to 1000 AU and then rejected if the
binary is soft or if the binary is too hard.

: spins, eccentricity, phase of the
binary, angles, impact parameters, relative velocity.



https://arxiv.org/abs/1901.00863

Number of encounters

evolution of the semi major axis of the binary

da Gpec >, 64 G3mymy (my +m»)
i S, | A
dr <ﬂ§ 7 K Sa1-eayE I

(1) hardening because of single-binary encounters (2) hardening because of GW emission
Enew= Eprev[ i ‘c’m3/(m1+m2) ]
L
2
32G% o mymy (my + my) f1(e) 15 Ggi = 2&m, G my myp
. a = (4
Def: GW SrEc  pe(l—e2)12 ‘ 1 (my +my)3 Wi
o ifa . = a, the binary is ejected from the cluster

A_iical = Aaw the binary merge inside the cluster G S



Number of encounters

e Age of a NSC today = 13.6 Gyr

® Time to form hard and massive BBH =t, _+ tDF+min(t3bb, t,, tcap)+ t ,=1.6Gyr
o t__=time toform a BH

o t,.= time that takes a BH to drift in the core
Qo= Pt & tcap= time to form BBHs

ot .= time to form hard and massive BBH
e Time of the simulation: 12 Gyr

.\f 1°* Gen binary
age of the NSC d
? time of the simulation »e .\f 2" Gen binary

rd .
Injection of 10° first generation binaries Today ‘ ‘ 3" Gen binary
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Scheme of hierarchical mergers




Number of encounters

Conditions :
® tmust be<12Gyr & v must be <V

Number of encounters that a binary makes

) i 3 generations starting from 1 binary
e until a> TR evolution due to SB encounters

itical
e after : change of regme—oHo— 1
.
T A ritical = aej — stop 1
- ifa_.. =a —evolution due to SB+GW
critical GW |
e after the Vi Ve 5 5 2 ﬂmez-;Gm A 10 5
= ml new= 0.95(m1+m2) Vkick = (1/",2” + 1#?_ + 20,0 cosP + Lﬁ)l/z,
= 1 i where
M, e from intruder list . Legend:
e )
>10 Msun vm =4 37 (14 Bn) %  Blue: the intruder is a star
. 7’ oo .
- spinm random from a vi =H |y — axal ¢ Green:
o Lnew o 167 — %  Black: a=a__
uniform distribution o =1 [Vaa + VaS) + Vi + Vo] : critical _
_ % Red: sphere of 160Mpc radius
between [0.6-0.9] s = axaufeos(os = )
Lousto et al. (2012) G S

-t + delay time to form a new binary |



Value of mass m1l in the different generations [Msun]

Number of encounters =
HEEE 3 gen
150000 A . 4 gen
EEm 5 gen
125000 _— C:.gen
7 gen
100000 - . 8 gen
Estimate of the number of encounters expected close to us in NSC ——
How many events there are for each generation: 50000
25000 +
Genl: 1000000
gengz ‘;gg;‘;’l o e P
en3:
Gend: 2616
Gen5: 917 Histogram Cumulative
Gen6: 346 i 350000
Gen7: 69
Gen8: 5 70000 300000

B 60000 250000
Encounters with black holes:! H v
3 50000

200000
All encounters: 240787822

40000

number of encounters

150000

Binaries: 287323 30000

NB: each binary is responsible for multiple encounters e oo

10000 50000

® 196 encounters within 160Mpc 00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35




Three-body encounters with ARWYV code

] 000 = From the Number of encounters code:

0.002 ( } 0015 | body2

\ | e * from the evolution of 10°
first generation binaries

0.010

oF

0.005

o

[

§ o \
Lo g \ o | already have:
\ -0.005 \\ . .
0001 N | % m1, m2, sma of the binary, m3, redshift
0002 ) \ | oo s O | need: ecc of the binary, v, b and angles
\ E \

: . : r —~! -0.020 ' r —
-0.002-0.0010.000 0.001 0.002 -0.02 -001 000 001 002
x-coordinate »coordinate

Simulated with ARWV:

| selected a sample in order to find some useful events for ET and LISA:
® R<160Mpc (196)

v/b >10° Hz (194)

v > 190 km/s (805) Total =11318 — 3%

M1> 450 Msun (233)

Sma < 0.2 AU (9890)
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Two-body hyperbolic encounters

— | consider the single binary encounters in which the intruder makes a flyby around the binary
| rejected resonant encounters

the binary is narrow the binary is wide
Intruder INSIDE the binary interesting but not hyperbolic | consider only the closest body
Intruder OUTSIDE the binary | consider the binary as a single object | consider only the closest body

2
*o

check on the ¢ angle:
< real minimum good: @< 40° or ¢»>150°
reject: 40°< ¢ <150°
if rejected, check previous and
next step. G|S
Closest distance for arwv s Il
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Frequency range and amplitude
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® Analytical procedure to find the minimum :
1 4
O  Amplitude [Capozziello et al 2008]: R T = e
time [s]
2G° & ;
h= ﬁ/w(z) csc® g {2 [59 cos 2(gy — @) — cos ¢(54 cos (2¢) + 101)] cos? ¢
C
—9cos (3¢ — 4dgg) —9cos (3¢ — 209) + 95 cos 209 + 9 cos dgpg— 1072 1
sin ¢ [101 sin 2¢o + 27 sinddnl + 106}/2 -
O  Time [Garcia Bellido et al 2018]: 5
" 10722 1
§ o i sin? o dy
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b e sin(p — p) 2 Y — ¥
— _ tar 10-2¢ . T T T T
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Frequency range and amplitude
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Legend:
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s Red: the 2 bodies are the intruder and the closest component of the binary

LM s T € R
% Purple: the 2 bodies are the intruder and the CoM of the binary et




Summary

Gravitational Wave Detectors and Sources

10*
o % Number of single binary encounters as a
Preliminary

0 function of redshift
-
Z .. % ARWV simulation with 1lyr timestep
8 LISA s i
g ¢ Analysis of hyperbolic encounters
@ 10"
g rtonep > we are now working at decreasing the timestep of the
§ g v
s Pulsars Adv simulation to avoid any resonances between steps.
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L. e * Region occupied in the log-log plot
10 26
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Demographics of gravitational-wave signals from star clusters G S
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Future work

% find the GW bursts emitted during
resonant encounters by looking at S—C
the quadrupole emission at the
points of minimum distance.

*» obtain the contribution of GCs and YSCs.

K/

% inspect the waveform signal in the data of the
interferometers.
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