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Outline

● Transient sources & the LVC physics program:
– Compact binary coalescence, core collapse supernova, 

magnetars/SGR/giant flares, NS instabilities, BH accretion disk 
instabilities, NS fallback, ….

– O3 predictions.

● GW detector network timeline



  



4

Time-domain transient astronomy
Astronomical transients events are mostly associated to the violent Universe …

… and can be observed along the whole electromagnetic spectrum

Image Credit: Credit: Observatory images from NASA, ESA (Herschel and Planck), 
Lavochkin Association (Specktr-R), HESS Collaboration (HESS), Salt Foundation (SALT), 
Rick Peterson/WMKO (Keck), Germini Observatory/AURA (Gemini), CARMA team 
(CARMA), and NRAO/AUI (Greenbank and VLA); background image from NASA



  

Compact binary systems : observed !

● What do we measure ?
● Which implications ?
● Which GW astronomy ?
● What can we expect during O3 ? 



  

Compact binary system

We measure all parameters but some are degenerated. 
Distance vs inclination/m1 vs m², Spins
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Compact binary coalescence
● Compact binary objects: Two neutron stars 

and/or black holes.

● Inspiral toward each other. Emit 
gravitational waves as they inspiral.

● Amplitude and frequency of the waves 
increases over time, until the merger.

● Waveform relatively well understood, → 
matched template searches.

● Unique way to study string field gravity 
and the structure of the nuclear matter in 
the most extreme conditions

Gravitational waveform:             inspiral              merger  BH-ringdown

Waveform carries lots of information about binary masses, orbit, merger, spins, ... 



  

GW astronomy with BBH

[Phys. Rev. Lett. 118, 221101]

Astrophysics implication :
Chirp mass & spins measurements can help to 
infer which scenarios of formation and 
evolution compact binaries follow

Isolated binary     vs    dynamical processes      
                           in dense stellar clusters  

Measured rate : 12 -213 Gpc-3 yr-1

Several BBH mergers per hour in 
the observak universe



  

Mass of graviton

● Hypothetical massive graviton theory: Yukawa type correction in the Newtonian potential.

● Massive graviton propagates at speed that depends on the frequency/energy (dispersion: 
lower frequencies propagate slower than high frequencies → phase distortion at 1PN order).

● GW150914+GW151226

● GW150914+GW151226+GW170104

● Not as good as some static bounds (λg >1022 km from weak lensing) but still better than solar 
systems (λg >1012 km) and binar pulsar tests  (λg >1010 km).

[Phys. Rev. Lett. 118, 221101]
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Testing GR GWs
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Consistency test for inspiral, merger and ringdown

Verify self-consistency by
comparing final mass and spin
predicted from the “inspiral”
and from the “post-inspiral”
[Ghosh+, 2016]
[LVC PRL(2016)]
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Testing the QNM of the final BH

From the IMR parameter estimation, 
the l=2,m=2,n=0 fQNM = 251 Hz & τ=4 
ms @90% CL. 



  

Test of polarizations with GW170814

● Tenseur- vector : 200:1

● Tenseur-scalar : 1000:1

→ pure vector or pure scalar excluded. 

→ GR templates match the phase of the data extremely well.



  

Binary neutron star merger
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GW170817 – The Birth of Multi-Messenger 
Astronomy

////////////////////////////////////////////////////////////////////// 
TITLE:           GCN/FERMI NOTICE NOTICE_DATE:     Thu 17 Aug 17 12:41:20 UT 
NOTICE_TYPE:     FermiGBM Alert RECORD_NUM:      1 
TRIGGER_NUM:     524666471 
GRB_DATE:        17982 TJD;   229 DOY;   17/08/17 
GRB_TIME:        45666.47 SOD {12:41:06.47} UT 
TRIGGER_SIGNIF:  4.8 [sigma] 
TRIGGER_DUR:     0.256 [sec] 
E_RANGE:         34 [chan]   47291 [keV] 
...
COMMENTS:        FermiGBM Trigger Alert.   
COMMENTS:        This trigger occurred at longitude,latitude = 321.53,3.90 [deg].   COMMENTS:        The 
LC_URL file will not be created until ~15 min after the trigger. 
////////////////////////////////////////////////////////////////////// 

17 August 2017, 12:41…



  

GW170817/GRB170817A : gravity speed constraint

Over 1.3x108 light years : 
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GW170817 – Host galaxy found

T
0
 + ~12 hours :

Alert (GCN) sent 
From 1m2H Swope
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GW170817/GRB170817A : kilonova model 
confirmed !

An initially blue 
signal that fades 
and turns to red.

● Ejected mass of 0.04 Msun
● Velocity 0.2 c
● Line features with « light » 
elements 90<A<140

« Inferring the ejected mass 
and a merger rate from 
GW170817 implies that such 
mergers are a dominant mode 
of r-process production in 
the Universe. » (Kasen et al. 
Nature 551 (2017) 80)

Drout et al
ArXiv:1710.05443

Tanvir et al
Astrophys.J. 848 (2017) no.2, L27



  

GW170817 : heavy elements production



  

Tidal effects and equation of state of nuclear matter

Tigher constrains obtained with :
● NS hypothesis
● Low spins

[arXiv:1805.11581]

Dimensionless tidal deformability



  

GW170817 : nature of the remnant

The outcome of the BNS can be :
– BH prompt formation, favored by soft EOS
– Hypermassive NS, that collapses to a BH in < 1s
– Supremassive NS, that collapses to a BH in 100-10000s (long-lived transient)
– Stable NS  

http://arXiv.org/abs/arXiv:1805.11581


  

GW170817 : nature of the remnant

[Astrophys.J. 851 (2017)]



  

Hubble constant measurement

Planck : 67.74 ± 0.46 km/s/Mpc     

SNIa :  73.8 ± 1.74 km/s/Mpc     

 → 3σ tension.

With GW170817 : 

How to improve H0 uncertainty?

● More BNS events with host galaxy 
identified & redshift measurement.

● Better constrain the inclination angle.

● Use of the numerous BBH + galaxy 
catalogue. 

Advantage : GW astronomy measures 
luminosity distance over cosmic scales.

No need of cosmic ladder (compact 
binaries are standard candle).

[Nature 551 (2017) no.7678]
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Other transient sources
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Other transient GW source: stellar core collapse

● Stars spend most of their lives burning 
hydrogen.

● Helium settles in the core and will 
burn when temperatures increase 
sufficiently

● For massive stars                      , the 
process continues through Carbon, 
Oxygen, … up to Iron.

● This process does not continue past 
iron as iron is one of the most tightly 
bound nuclei.

● Iron core builds up in center of star.
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Stellar core collapse in a nutshell

@ Christian Ott
Above 
Chandrasekhar 
limit (electrons 
pressure)

Collapse stops 
when nuclear 
density is reached

Rebound 
then shock 
through 
infalling core

If neutrinos 
emission

Rotation

Rotation
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CCSN: post-bounce waveform summary

[Kotake C.R. Physique 14 (2013) 318-351]
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Core collapse supernova: how far can we go & how 
many?

● At LIGO/Virgo design sensitivity : distance range: between 100 kpc (SASI and MHD) and 
20 Mpc (extreme model like disk fragmentation and bar mode) [Gossan et al 
arxiv:1511.02836]

● Low energy neutrino emssion will help a lot GW searches.
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Other transient searches

● Rapidly rotating NS (SN remnants) → dynamical instabilities

– Acoustic pressure mode (f-mode), rotation modes (r-modes  ), bar 
mode instabilities

● GW & EM transients: SGRs, AXPs, star quake may excite non radial 
oscillation modes that couple to GW emission.

● GW and GRBs (short & long).

● Pulsar glitches.

● Cosmic string kinks and cups.

Short - Hard
GRBs

NS-NS merger

Long - Soft
GRBs



  

O3 source rates prediction

● An even larger network at the end of O3

[Living Rev.Rel. 21 (2018) 3]



  

O3 source rates prediction

[Living Rev.Rel. 21 (2018) 3]



  

O3 source rates prediction

● Plan to start at the end of January 2019
● Run will last for one year
● KAGRA may join near the end if they achieve sufficient sensitivity
● Public alerts will be issued
● GW transient  triggers below the detection standard that may improve a  

specific science/source search when analyzed jointly with the  
EM/neutrino sectors

● Several MOUs with this scope exercised are still in place:
– High Energy Neutrinos (Antares, Icecube)
– Gamma-Ray/X-ray transients sources (Fermi-GBM)
– Core-collapse Supernova low energy neutrinos (Borexino, Icecube,   

KamLAND, LVD)



  

O3 source rates prediction

● BBH rate will dominate : up to ~few/week at least ~few/month.

● 1-10 BNS mergers over the year, possibly up to 1/month.

● Most models for a NS-BH merger give ~50 % chance that there will be an event in O3

BNS BBH

● Key factor : mass distribution pdf (log uniform vs power law).



  

O3 source rates prediction



  

Timeline



  

Conclusion

● LVC missions
– Find all GW sources in LIGO/Virgo/GEO detectors data.

– Extract all possible physics results : Fundamental physics tests and measurements : H0, 
graviton celerity, test of equivalence principle, constrain the nuclear matter EOS, …

– Provide alerts to the outside world and especially to « observers » and perform multi-
messenger analysis.

● O3 preparations
– Open public alerts

– See Michal Was talk !

https://www.ligo.org/scientists/GWEMalerts.php



  



  

Living Rev.Rel. 21 (2018) 3
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