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Gravitational Wave Detectors LIGO

Laser and Optics

• 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

• Split the beam in two perpendicular arms
• Try to detect a change in distance between its mirrors of 10−19 m

about 1
10 000 the width of a proton

laser during maintenance beam splitter test mass with mirror
credits: LIGO
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Gravitational Wave Detectors LIGO

Two Observatories in USA

• 4 km arm length
• vacuum chamber volume of

10 000 m3 with air pressure of
10−9 Torr ≈ 10−12 atm

Hanford Observatory Livingston Observatory
credits: LIGO
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Gravitational Wave Detectors Virgo

The Observatory in Italy

42 kg mirror

• 3 km arm length

Virgo Observatory
credits: Virgo Collaboration
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Outline

Outline

1 Gravitational Wave Detectors

2 Binary Population Synthesis

3 Double Neutron Star Binaries

4 Gravitational Wave Mergers

5 Summary

Two merging neutron stars

Gravitational wave chirp spectrogram
credits: LIGO
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Binary Population Synthesis Codes

Overview

• 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)

• 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 (Izzard 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

Tauris et al. (2017)

• Initial conditions at ZAMS

• Stellar evolution from
interpolated grids

• Stable Roche-lobe overflow (RLO)

• He-star evolution from
interpolated grids

• Supernova (SN) treatment

• Common envelope (CE) phase

• Ultra-stripped SN treatment

• Gravitational wave radiation
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Binary Population Synthesis Treatment in ComBinE

Interpolate Stellar Grids

stars at Milky Way metallicity
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• Quickly and easily add/update
stellar evolution

• Fast stellar evolution

naked He-stars
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Binary Population Synthesis Treatment in ComBinE

Common Envelope – In-spiral
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Kruckow et al. (2016)

• Where does the in-spiral stop?
→ Large uncertainties
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Binary Population Synthesis Treatment in ComBinE

Common Envelope – In-spiral
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• Where does the in-spiral stop?
→ Large uncertainties
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Binary Population Synthesis Treatment in ComBinE

Supernova Kicks

• Asymmetries in the
ejected material lead
to kicks
• Disrupt binary →

hyper-velocity stars
• Eccentric binaries →

larger GW emission

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

• Ultra stripped SN
(Tauris et al. 2015) Kruckow et al. (2018)
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Double Neutron Star Binaries Comparison to Pulsar Observations

Primary and Secondary Mass at MW-like Metallicity

• Highly inefficient mass transfer needed

• 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 M� larger than expected?
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Kruckow et al. (2018)
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Double Neutron Star Binaries Comparison to Pulsar Observations

Mass Ratios at MW-like Metallicity

efficient mass transfer
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• Highly inefficient mass transfer needed
→ Match with observations
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Double Neutron Star Binaries Comparison to Pulsar Observations

Orbital Parameters
E
cc
en
tr
ic
it
y,

e

Semi-major axis, a (R�)

10−6

10−5

10−4

10−3

> 3 · 10−3

P
ro
b
a
b
il
it
y

observations
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.1 1 10 102 103 104 105 106 107

Kruckow et al. (2018)

• Separated
regions for
binaries with
and without
CE evolution

• 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

Kruckow et al. (2018)

• 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

• Low chance of finding a recycled pulsar orbiting a BH
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Gravitational Wave Mergers Comparison to all LIGO Detections

The Seven LIGO Detections

• Until August 2017 only BH
mergers detected

• GW170817
M = 1.188+0.004
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Gravitational Wave Mergers The Double Neutron Star Merger

Neutron Star Mergers (most recent works)

• 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)

• 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)
• 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)

• 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)

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

• 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

• Host galaxy identified as NGC 4993
(e.g. Soares-Santos et al. 2017;
Coulter et al. 2017)
• S0 galaxy
• about 40 Mpc away
• metallicity between 0.2 and 1.0 Z�

(e.g. Im et al. 2017)
• M ≈ 1010.5 M�

(e.g. Pan et al. 2017)

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

→ bound to NGC 4993 implies that
systemic velocity of the double NS
binary is probably below 350 km/s Abbott et al. (2017)
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Gravitational Wave Mergers The Double Neutron Star Merger

Progenitors of GW170817
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• negligible recent
star formation
in NGC 4993
(e.g. Pan et al.
2017)

→ progenitor
system at least
a few Gyr old

• several possible
formation
scenarios
(Belczynski et
al. 2017)
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Gravitational Wave Mergers Comparison to all LIGO Detections

Progenitors of all Seven LIGO Mergers

• All seven reported LIGO events are reproduced depending on metallicity
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Gravitational Wave Mergers Comparison to all LIGO Detections

Progenitors of all Seven LIGO Mergers

• All seven reported LIGO events are reproduced depending on metallicity
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Gravitational Wave Mergers Comparison to all LIGO Detections

Progenitors of all Seven LIGO Mergers

• All seven reported LIGO events are reproduced depending on metallicity
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Gravitational Wave Mergers Comparison to all LIGO Detections

Merger Rates

Kruckow et al. (2018)

• 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

• The merger rate density of 1540+3200
−1220 yr−1 Gpc−3 based on one

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 19 / 20



Summary

Summary and Conclusions

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

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

→ ComBinE reproduces orbits, mass ratios and partly NS-NS masses
→ about 400 active radio pulsars in double NS binaries in the MW galaxy

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

Thanks for your attention!
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