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Current Detections
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Astrophysical Implications

All sources either face on/off 

Distance not very constrained 

No evidence of precession 

Spins difficult to measure 

No clear pointers to formation channels 

All relatively close, z ∼ 0.1 

Event rate : 12 - 213 Gpc-3 yr -1 
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Abbott et al, PRL 116, 241102 (2016)



Fundamental Physics / Tests of GR

Phenomenological IMR tests 

Additional -1PN test - “dipole” term 

Inspiral/merger-ringdown consistency test 

Dispersion effects due to massive graviton  

Dispersion effects due to Lorentz invariance violation 
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Phenomenological IMR test
Look for dominant effect deviations from GR at different PN orders 
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GW150914

Champs et particules, SFP, APC Paris, 22 Nov 2017 

GW150914+GW151226+GW170104

Inspiral merger/ringdown



Modified Dispersion
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Assume a dispersion relationship of the form 

modifying the GW group velocity as 

which changes the phase of the GW 

Champs et particules, SFP, APC Paris, 22 Nov 2017 
Abbott et al, PRL 118, 221101 (2017)



Massive Graviton
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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 binary pulsar tests          
(𝜆g > 1010 km) 

�g > 1⇥ 1013 km

�g > 1.6⇥ 1013 km

mg  1.2⇥ 10�22 eV/c2

mg  7.7⇥ 10�23 eV/c2

Champs et particules, SFP, APC Paris, 22 Nov 2017 



New observational result: 
GW170814 and GW 

Polarisations
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Abbott et al, PRL 119, 141101 (2017)



Localisation

1 detector : hemisphere 

2 detectors : broken annulus 

3 detectors : triangulation 
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Abbott et al, Living Rev. Rel. (2016)



Localisation

Sky location can be inferred from relative amplitudes, time differences and phase 
differences at the different sites 

Advanced Virgo breaks a localisation degeneracy due to the (almost) coalignment of the 
two Advanced LIGO detectors 
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GW170814

14

Champs et particules, SFP, APC Paris, 22 Nov 2017 
www.ligo.caltech.edu/images

Sky Error 

HL : 1160 deg2 

HLV : 60 deg2 

Search Volume 

HL : 71x106 Mpc3 

HLV : 2x106 Mpc3

Abbott et al, PRL 119, 141101 (2017)
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GW Polarisations
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In GR, GWs have 2 tensorial polarisations

h+ 

hx

Champs et particules, SFP, APC Paris, 22 Nov 2017 



GW Polarisations
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In generic metric theories, GWs can have up to 6 polarisations 
coming from the 6 independent components of the Riemann tensor.

Champs et particules, SFP, APC Paris, 22 Nov 2017 



GW Polarisations

17

Different polarisations produce a different response at the detector

Champs et particules, SFP, APC Paris, 22 Nov 2017 



GW Polarisations

Test based on pure geometric projection of the perturbation onto the detector 

Consider the most extreme case : pure tensor, pure vector or pure scalar 

Tensor preferred over vector with Bayes’ factor of > 200 (N.B. A Bayes’ factor of 
>100 is considered “decisive”) 

Tensor preferred over scalar with Bayes’ factor of > 1000 

First direct experimental evidence of the tensorial polarisations of GWs 

Only possible due to the detection by Advanced Virgo 
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GW Polarisations

19

Is this really surprising…?

GR templates match the phase of the data extremely well!!

Champs et particules, SFP, APC Paris, 22 Nov 2017 
Already heavily constrains how much non-tensorial polarisation there can be!

Abbott et al, PRL 119, 141101 (2017)



Major Conclusions

6 BBH mergers have been observed across ADORs 1 and 2 

No EM counterparts have been seen from BBH mergers 

No concrete information of formation channels 

GR is (so far!!) surviving all tests that we can throw at it! 

1st direct experimental evidence of tensorial polarisations of GWs 

Advanced Virgo was a crucial addition to the GW detector network 
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Binary Neutron Stars

21

GW170817 
EM follow-up 
Astrophysical rates 
Hubble’s constant 
NS EOS



GW170817

Detected Aug. 17, 2017 

Brightest GW event yet seen (SNR=32) 

Lasted 100s / 3000 cycles in the detector 

Sky error of 28 deg2 

Luminosity distance of 40 Mpc 

Multiple EM confirmations in gamma, x-ray, optical, radio 

Confirmation of the link between BNS mergers and SGRBs 

Event associated with galaxy NGC 4993 and kilonova AT2017gfo 
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GW170817

23

www.ligo.caltech.edu/images

Champs et particules, SFP, APC Paris, 22 Nov 2017 

http://www.ligo.caltech.edu


GW170817
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GW170817
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GW170817
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GW170817 & GRB170817A
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Abbott et al, ApJ Letters 848, L13 (2017)



BNS Event Rates
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Champs et particules, SFP, APC Paris, 22 Nov 2017 
Abbott et al, ApJ 832, L21 (2016)

O1 : R < 12,600 Gpc-3 yr-1

Rates due to non-detection



BNS Event Rates
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Champs et particules, SFP, APC Paris, 22 Nov 2017 
Abbott et al, PRL 119, 161101 (2017)

O2 : R = 320 - 4740 Gpc-3 yr-1

Rates due to 1 detection



Speed of GWs
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The time delay between the GW and GRB detections over 130x106 Lyrs was 

Defining the fractional difference between the speed of light and GWs as 

We find the following constraint 

Large consequences for cosmological theories (See talk by C. Charmousis) 

�t = (1.74± 0.05) s

cg � c

c
⇡ c

�t

DL

�3⇥ 10�15  �c

c
 7⇥ 10�16

Abbott et al, ApJ Letters 848, L13 (2017)

Champs et particules, SFP, APC Paris, 22 Nov 2017 



Weak Equivalence Principle
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Shapiro delay is defined as 

𝛾 is the PPN parameter parameterising a deviation from Einstein-Maxwell theory 

Conservative bound on  

is 

�ts = �1 + �

c

Z r
o

r
e

U(r(l))dl

�� = |�GW � �EM |  2
�t

�ts

�2.6⇥ 10�7  ��  1.2⇥ 10�6

Newer result (S. Boran et al, 1710.06168) using more sophisticated dark 
matter halo model gives  

This implies that MOND-like dark matter emulator theories are ruled out, as 
the GWs would have arrived 1000 days before the EM emission 

��  3.9⇥ 10�8

Champs et particules, SFP, APC Paris, 22 Nov 2017 



Hubble’s Constant
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Hubble’s Constant
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Hubble’s Constant
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H0 = 70+12
�8 kms�1 Mpc�1

Champs et particules, SFP, APC Paris, 22 Nov 2017 
Abbott et al, Nature (2017)

N.B. No cosmic distance ladder needed!! 

GW astronomy measures luminosity distance directly over 
cosmic scales



Equation of State
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Özel & Freire, Ann.Rev.Astron.Astrophys 54, 401 (2017)



Equation of State
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J0348+0432 (MSP-WD)

J0453+1559 (NS-NS)



Equation of State
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⇤ = (2/3)k2
⇥
(c2/G)(R/m)

⇤5
k2 ⇡ 0.05� 0.15

Champs et particules, SFP, APC Paris, 22 Nov 2017 
Abbott et al, PRL 119, 161101 (2017)



Equation of State
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GW170817



Equation of State
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GW170817

AT2017gfo

Radice et al, 1711.03647 (2017)



Equation of State
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Major Conclusions 
BNS mergers ➾ SGRBs ➾ kilonova 

The era of MMA has truly begun 

cg ≈ c 

Consequences for dark energy cosmology and dark matter emulator 
theories 

Measured Hubble’s constant 

First investigation of NS-EOS 

Constrained BNS event rate to new level of precision 

More to come…
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ADOR - 3

All detectors currently down for upgrades 

Idea is to start O3 in the autumn of 2018 

Third observation will run for 1 year 

If we achieve the expected sensitivity, we are looking at ∼1 event/week.  
This may provide further information on 

IMF of BBHs 
Possible information on formation channels for BBHs 
Further constraints on EOS with BNS 
NSBH mergers 
Further constraints on H0 using GW-EM observations 
Further constrain cosmological models using GW-EM observations
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