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Gravitational Wave Detectors  LIGO

Laser and Optics

e 4 W laser at 808 nm is converted to 1064 nm with a power of 2 W and
then amplified to 200 W before the beam enters the interferometer

e Split the beam in two perpendicular arms

e Try to detect a change in distance between its mirrors of 107'° m
about W the width of a proton

test mass with mirror
credits: LIGO
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Gravitational Wave Detectors LIGO

Two Observatories in USA

e 4 km arm length r’ :

e vacuum chamber volume of
10000 m? with air pressure of
1072 Torr ~ 10712 atm

Hanford Observatory Livingston Observatory

credits: LIGO
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Gravitational Wave Detectors  Virgo

The Observatory in Italy

e 3 km arm length

42 kg mirror Virgo Observatory

credits: Virgo Collaboration
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Outline

Outline

@ Gravitational Wave Detectors

® Binary Population Synthesis

© Double Neutron Star Binaries merging neutron stars

O Gravitational Wave Mergers

© Summary

Gravitational wave chirp spectrogram

credits: LIGO
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Binary Population Synthesis Codes

Overview

e Aim: fast evolution of a large sample of binaries

— Get general trends/relations of populations in star clusters or galaxies

i.e. merger rates of compact object binaries (e.g. Clark et al. 1979)

e Several binary population synthesis codes

CoMBINE (Kruckow et al. 2018, submitted to MNRAS)

STARTRACK (Belczynski et al. 2008; Dominik et al. 2013, 2015;
Chruslinska et al. 2017)

BINARY_C (lzzard et al. 2004, 2006, 2009, 2017)
BPASS (Eldridge & Stanway 2016; Eldridge et al. 2017)
COMPAS (Stevenson et al. 2017; Barrett et al. 2017)
MOBSE (Mapelli et al. 2017; Giacobbo et al. 2017)

others
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Binary Population Synthesis ~ Treatment in CoMBINE

Binary Evolution
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Tauris et al. (2017)
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Binary Population Synthesis

Interpolate Stellar Grids

stars at Milky Way metallicity
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stellar evolution
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Binary Neutron Stars as LIGO Sources

Treatment in COMBINE

e Fast stellar evolution
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Binary Population Synthesis ~ Treatment in CoMBINE

Common Envelope — In-spiral
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Kruckow et al. (2016)
e Where does the in-spiral stop?
— Large uncertainties
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Binary Population Synthesis

Common Envelope — In-spiral

Treatment in COMBINE
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e Where does the in-spiral stop?
— Large uncertainties

M. U. Kruckow (AIfA - Uni Bonn)

1000

Binary Neutron Stars as LIGO Sources

initial star
mzaMs=88 Mg
Z=0.0002

as giant (left plot)
m=76.65 Mg,
R=3530 R,

Meore=52.35 Mg

Kruckow et al. (2016)
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Binary Population Synthesis ~ Treatment in CoMBINE

Supernova Kicks

e Asymmetries in the
ejected material lead
to kicks
e Disrupt binary —

hyper-velocity stars
e Eccentric binaries —
larger GW emission

e Exploding shell
impacts on the
companion
(Liu et al. 2015)

e Ultra stripped SN
(Tauris et al. 2015)

M. U. Kruckow (AIfA - Uni Bonn)

Table 1. Projected 1-dimensional root-mean-square kick velocity
values (w,l,{?s) or 3-dimensional kick velocity ranges, applied to
various exploding stars.

SN type first SN second SN
Electron capture SN * 0-50 kms™! 0-50 kms™!
Iron-core collapse SN depending on the NS progenitor:

— Isolated star or wide binary 265 km s~! 265 km s~
— Close binary, no H-env. ** 120 km s~! 120 km s~
— Close binary, no He-env. ** 60 km s~! 30 kms™!
Formation of BH * 0-200kms™'  0-200 kms!

* Here, the stated velocity interval corresponds to 3-dimensional
velocities and we applied a flat probability distribution rather
than applying a Maxwellian distribution.

** For iron-core collapse SNe in close systems, we applied a
bimodal kick distribution such that the above w2 values for a
Maxwellian distribution account for 80 per cent of the cases and
in the remaining 20 per cent of the cases we applied a larger kick
using wiD =200 km s~! (see section 2.2.6).

ms

Kruckow et al. (2018)
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Double Neutron Star Binaries Comparison to Pulsar Observations

Primary and Secondary Mass at MW-like Metallicity
e Highly inefficient mass transfer needed
e Are there too many electron capture SNe in the sample, becaused

assumed small SN kicks
or is the mass of a NS from an ECSN ~ 0.08 Mg, larger than expected?
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Double Neutron Star Binaries ~ Comparison to Pulsar Observations

Mass Ratios at MW-like Metallicity

efficient mass transfer . inefficient mass transfer
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Kruckow et al. (2018)

1.2 1.3 1.4 1.5
Mass ratio of double NS binaries

e Highly inefficient mass transfer needed

— Match with observations
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Double Neutron Star Binaries Comparison to Pulsar Observations

Orbital Parameters
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Kruckow et al. (2018)

Binary Neutron Stars as LIGO Sources

e Separated
regions for
binaries with
and without
CE evolution

e Observed double
NS binaries
agree well with
our population
synthesis results
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Double Neutron Star Binaries Comparison to Pulsar Observations
Systems in the MW Galaxy

Table 7. Number of DCO systems present in the Milky Way as a
function of the parameter B, where the maximum RLO mass-
transfer efficiency is given by €max = 1 — @rLO — Bmin- The numbers
are given for stellar evolution lasting (10 +3.81) Gyr. The binary
types indicate the order of the first and second-formed compact
objects.

Systems in MW Bunin =0.75  Bmin=0.5  Bmn =0

12445 12624 499
NS-NS 38246712485 41340*12024  1616+202
NS-BH 55421 197 25%9,

36702 7504 4532
BH-NS 108845439792 213037304 13603+4332

7585 5934 8247
BH-BH 2007347385 162373034 21988+8247

Kruckow et al. (2018)

o Lower limit of first born pulsars’ active radio lifetime of about 100 Myr
— at least 400 active radio pulsars in double NS systems in the MW

e Low chance of finding a recycled pulsar orbiting a BH
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Gravitational Wave Mergers

The Seven LIGO Detections

e Until August 2017 only BH

mergers detected
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Gravitational Wave Mergers ~ The Double Neutron Star Merger

Neutron Star Mergers (most recent works)

e Constrain equation of state for NSs on in-spiral (e.g. Rezzolla et al.
2017; Ruiz et al. 2017; Annala et al. 2017; Tiziano et al. 2017)

e Joint observations of GW (several papers of Abbott et al. 2017) and
electromagnetic spectrum (e.g. Soares-Santos et al. 2017; Hallinan et
al. 2017; Shappee et al. 2017)

o Get properties of short GRBs like beaming angle (e.g. Yamaski et al. 2017,
Tong & Yu 2017; Mooley et al. 2017; Williams et al. 2017)

e Ejecta — enrichment of their environment in heavy elements (e.g. Kasen et
al. 2017; Pian et al. 2017; Thielemann et al. 2017; Asano & To 2017;
Waxman et al. 2017)

e Remnant: NS, BH, something else (e.g. Chatziioannou et al. 2017; Ma et
al. 2017; Pooley et al. 2017)

e Delay times between GW and EM signal constrain gravity theories (e.g.
Boran et al. 2017)
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Gravitational Wave Mergers ~ The Double Neutron Star Merger

GW170817 and GRB170817A

att
R

e Host galaxy identified as NGC 4993 = Z”: Lightcurve from Fermi/GBM (10 - 50 keV)
(e.g. Soares-Santos et al. 2017
Coulter et al. 2017)

e SO galaxy

e about 40 Mpc away

e metallicity between 0.2 and 1.0 Zg,
(e.g. Im et al. 2017)

o M~ 1010‘5 M@
(e.g. Pan et al. 2017)
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750
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120000 (> 100 keV)

117500
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e GRB170817A located within the
effective radius of NGC 4993
(e.g. Blanchard et al. 2017)

Frequency (Hz)

— bound to NGC 4993 implies that % b
systemic velocity of the double NS

binary is probably below 350 km/s Abbott et al. (2017)
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Gravitational Wave Mergers

Progenitors of GW170817

The Double Neutron Star Merger
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Gravitational Wave Mergers ~ Comparison to all

Progenitors of all Seven LIGO Mergers

LIGO Detections

e All seven reported LIGO events are reproduced depending on metallicity
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Gravitational Wave Mergers

Progenitors of all Seven LIGO Mergers

Comparison to all LIGO Detections

e All seven reported LIGO events are reproduced depending on metallicity
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Gravitational Wave Mergers

Progenitors of all Seven LIGO Mergers

Comparison to all LIGO Detections

e All seven reported LIGO events are reproduced depending on metallicity

Initial semi-major axis, azams (Ro) Initial primary mass, m s (M) Final primary mass, mp,,; (Ma)
1 1010 10° 10° o0 20 40 60 80 10 0 10 20 30 40
10°[ 4 o ] o GW150914 . 1ol © GW150914 R
g1y LVT151012 [« LVT151012 0
4 ! 801 « GW151226 . 1 « GW151226 .
107 ] i~ GW170104 30[ - GW170104 - ]
"3 <2 o GW170608 “ 13 « GWI170608 -
w2 ¢ G0t i %0 2 Gwiros1a = 2 | .cwimosi
- CWis1226 2 ot GW1708}7, = 20f - GWLT08LT.
GW170104 N L $ .
= 108 « GW170608 - 58 " L S qof e j
Z « GW170814 g 20 .- 14
- £ t 1 L = =100 I | T T -0 I I I T
g10tL ' ' Tl e GWIs0914 CAE ol e GWIs0914 ‘ L
< < LVT151012 < 0r Jvrision2 0
5 5 801 o« GW151226 . 18 « GW151226 .
10 A% 18 GW170104 g 3oL - GW170104 L ]
! % Z 6ol ® GW170608 . 1= « GWI70608 -
1ol @ GWLs09LEC R 12 9 Zewiosie - £ | ecwirsia -
[ ; oiw 1E GW170817, = 20[ « GW170817. 7 ]
o GW151226 g\l{ = 4oL 2 . P
GW170104 @ 248 . .
10E ¢ GW170608 E L 100 ]
« GW170814 200 7 1 3
| f AR 5 100 | { i i > J 1 1
10*L R ] o GW150914 . o GW150914

M. U. Kruckow (AIfA - Uni Bonn)

Binary Neutron Stars as LIGO Sources

Kruckow et al. (2018)

December 12, 2017

18 / 20



Gravitational Wave Mergers

Merger Rates

Comparison to all LIGO Detections

Table 8. Our simulated merger-rate densities R at redshift zero following the two different star-formation history and galaxy-density
scaling methods outlined in Dominik et al. (2013) and Abadie et al. (2010), yielding R._ and Resrr, respectively. Using (M25), some

geometrical factors and assuming a signal-to-noise threshold, p > 8, we calculate the expec
wation (3) of Dominik ct al. 2015, cf. their table 1). The merger-rate densities and detection rates are calculated for
0.0002, top and central panel, respectively) applying our default input
c” setting at MW metallicity to boost the
0.3). See Section 5.2.4 for a di

Rp.cser (following e
two different metall
parameter settings (Table

/ environments (Zyw =
The bottom panel

0.0088 and Zizyis =
shows our rates caleulated under an “optimis

NS-NS merger rate (i.c. applying ammr = 2.3, arro = 0.15, Buin = 0.5, acg = 0.8 and ey

Zuw (M) Reo Rp Resrr Rp.csir
NS-NS 1.36 MZO5 9.85%10° yr~! Gpe™? 0.28yr™! 3.47x10' yr™! Gpe 0.98 yr!
NS-BH 20.0 Mz’ 0.00x10° yr~! Gpe™? 0.00yr™" 0.00x10° yr~! Gpc 0.00 yr!
BH-NS 15.7 My 1.80x10" yr~! Gpe™? 5.88yr~! 4.72x10" yr~! Gpe? 15.43 yr!
BH-BH 233 MP 6.01x107" yi~! Gpe? 292yt 3.08x10° yr™! Gpe? 14.95 yi~!
Zigwis (M) R Rp Resrr
NS-NS 1.27M% 1.00x10! yr! Gpe3 0.27yr! 3.28x10! yr-! Gpe
NS-BH 323 ME 661107 yr! Gpe 0.00yr! 1.55x10°2 yr! Gpe 0.01 yr-!
BH-NS 35.5 MZ 1.54x10! yr! Gpe 1140y 5.32x10" yr~! Gpe™3 39.34 yr-!
BH-BH 1720 MZY 1.68x10' yr Gpe  603.02yr ! 3.45x10! yr! Gpe? 123527 yr”!

optimistic (M5 Rp Resir Rp,cSFR

NS-NS 1.31Mg° 7.09x10" yr! Gpe 1.94yr~! 1.59x10% yr~! Gpe™? 4.37yr!
NS-BH 19.4 Mz 0.00x10° yr~' Gpe 0.00yr™" 0.00x10° yr~' Gpc 0.00 yr!
BH-NS 21.9 MY 1.34x10' yr~! Gpe 6.11yr™" 2.44x10" yr™! Gpe 1117yt
BH-BH 275 MZ 434x10'yr! Gpe? 24834y 1.09x10% yr! Gpe? 623.03 yr~!

ssion

d LIGO-Virgo detection rates Rp and

Table 4. GW merger rates in a MW-like galaxy. The values are
based on systems merging within 10! yr. The upper and lower
bounds are for systems merging within (10 = 3.81) Gyr. The binary
types indicate the order of the first and second-formed compact

objects.

GW merger rates

Zytw = 0.0088

Zizwis = 0.0002

NS-NS
NS-BH
BH-NS
BH-BH

2.98*0-13x1076 yr!
0.00%9-90x10° yr~!
4.05*0-3x107 y
2.6470-09x1077 yr

1

1.3340:- 13107 yr !

0.22'
4.5740-26x1076 yr~!
+0-3051070 yr

Kruckow et al. (2018)

e about 3 double neutron stars binaries should merge per Myr in the MW

— about 1 (to 4) detections per yr at design sensitivity of LIGO

3200

o The merger rate density of 15407350) yr

merger probably too high and will change in O3 and O4

M. U. Kruckow (AIfA - Uni Bonn)

Binary Neutron Stars as LIGO Sources

December 12, 2017
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Summary

Summary and Conclusions

e More accurate treatment of common-envelope evolution, SN kicks
depending on binary history, Case BB RLO and more in COMBINE

e Any population synthesis making predictions for NS mergers need to
explain the results of pulsar observations (i.e. pulsar masses, orbits)

d

CoMBINE reproduces orbits, mass ratios and partly NS-NS masses

1

about 400 active radio pulsars in double NS binaries in the MW galaxy

e All LIGO/Virgo detections reproduced depending on metallicity
e LIGO/Virgo rates are still very uncertain — will decrease in O3 and O4

"... - S ,/,‘..-.. ;,.' —
(e o\ N
SN Thanks for your attention! \\‘;).-" St /)

M. U. Kruckow (AIfA - Uni Bonn) Binary Neutron Stars as LIGO Sources December 12, 2017 20 / 20



	Neutron Star Binaries at 1064 nm: 
	Gravitational Wave Detectors
	Binary Population Synthesis
	Double Neutron Star Binaries
	Gravitational Wave Mergers
	Summary


