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In case, you missed the news...2
100 years after Einstein’s prediction:
“We have detected gravitational waves... We did it!” Dave Reitze, LIGO director

Phys. Rev. D 93, 122004: Observing gravitational-wave transient GW150914 with minimal assumptions
arXiv:1602.03839: GW150914: First results from the search for binary black hole coalescence with Advanced LIGO
Phys. Rev. Lett. 116, 241102: Properties of the binary black hole merger GW150914
arXiv:1602.03842: The Rate of Binary Black Hole Mergers Inferred from Advanced LIGO Observations Surrounding GW150914
ApJL. 818, 2:  Astrophysical Implications of the Binary Black-Hole Merger GW150914
Phys. Rev. Lett. 116, 221101: Tests of general relativity with GW150914
Phys. Rev. Lett. 116, 131102: GW150914: Implications for the stochastic gravitational-wave background from binary black holes
arXiv:1602.03845: Calibration of the Advanced LIGO detectors for the discovery of the binary black-hole merger GW150914
Class. Quantum Grav. 33, 13: Characterization of transient noise in Advanced LIGO relevant to gravitational wave signal GW150914
ApJL. 826, 1: Localization and broadband follow-up of the gravitational-wave transient GW150914
Phys. Rev. D 93, 122010: High-energy Neutrino follow-up search of Gravitational Wave Event GW150914 with IceCube and ANTARES
Phys. Rev. Lett. 116, 131103: GW150914: The Advanced LIGO Detectors in the Era of First Discoveries 
arXiv:1606.04856: Binary Black Hole Mergers in the first Advanced LIGO Observing Run

https://dcc.ligo.org/LIGO-P1500229/public/main
https://dcc.ligo.org/LIGO-P1500269/public/main
https://dcc.ligo.org/LIGO-P1500218/public/main
https://dcc.ligo.org/LIGO-P1500217/public/main
https://dcc.ligo.org/LIGO-P1500262/public/main
https://dcc.ligo.org/LIGO-P1500213/public/main
https://dcc.ligo.org/LIGO-P1500222/public/main
https://dcc.ligo.org/LIGO-P1500248/public/main
https://dcc.ligo.org/LIGO-P1500238/public/main
https://dcc.ligo.org/LIGO-P1500227/public/main
https://dcc.ligo.org/LIGO-P1500271/public/main
https://dcc.ligo.org/LIGO-P1500237/public/main
https://dcc.ligo.org/LIGO-P1600088/public/main


LIGO Hanford Data

LIGO Livingston Data

GW150914
Phys. Rev. Lett. 116, 061102
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GW151226
Phys. Rev. Lett. 116, 241103
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Scientific runs6
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The detectors7

To reach the desired sensitivity (h~10-21), 
Michelson interferometers were built:
➢ Kilometer-scale arms
➢ High-power laser
➢ Fabry-Perot cavities
➢ Power and signal recycling
➢ Power and frequency stabilized laser
➢ Heavy mirrors
➢ Seismic attenuators
➢ Ultra-high vacuum
➢ High-quality optics

h=2
Δ L
L

L

Class. Quantum Grav. 33, 13



The detectors8

Seismic noise Thermal noise Shot noise

LIGO
suspensions

Virgo
suspensions

Fused silica suspension fibers

Low-noise mirror coating

Class. Quantum Grav. 33, 13



The strain amplitude is measured over time: h(t)
h(t) data are transferred to computing centers (< 1 s)



The strain amplitude is measured over time: h(t)
h(t) data are transferred to computing centers (< 1 s)
where low-latency searches are conducted

Hannover:
– unmodeled burst search (cWB)

Caltech:
– CBC modeled search (gstlal)
– unmodeled burst search (olib)

Virgo:
– CBC-modeled search (MBTA)



Hannover:
– unmodeled burst search (cWB)

Caltech:
– CBC modeled search (gstlal)
– unmodeled burst search (olib)

Virgo:
– CBC-modeled search (MBTA)

Compact binary coalescence
- black holes or neutron stars -

The strain amplitude is measured over time: h(t)
h(t) data are transferred to computing centers (< 1 s)
where low-latency searches are conducted



Hannover:
– unmodeled burst search (cWB)

Caltech:
– CBC modeled search (gstlal)
– unmodeled burst search (olib)

Virgo:
– CBC-modeled search (MBTA)

?

Compact binary coalescence

Supernova core bounce

Newly-formed black hole

Cosmic string

Unknown source

The strain amplitude is measured over time: h(t)
h(t) data are transferred to computing centers (< 1 s)
where low-latency searches are conducted

Isolated neutron star

Burst sources



The strain amplitude is measured over time: h(t)
h(t) data are transferred to computing centers (< 1 s)
where low-latency searches are conducted

Hannover:
– unmodeled burst search (cWB)

Caltech:
– CBC modeled search (gstlal)
– unmodeled burst search (olib)

Virgo:
– CBC-modeled search (MBTA)



Online event database14
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Online event database19
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Signal parameters
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preliminary 
sky localization

multiple detections
(different searches)

unmodeled search

FAR ~ 269 yr-1



Online event database20
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+1 min
modeled search

physical parameters
(preliminary)

multiple detections over time

FAR ~ 950 yr-1



EM follow-up21

● 62 MOUs (radio, optical, IR, X-ray and γ-ray)
● GW150914 followed up by 21 teams (private GCN circulars)

Timeline of observations (/band)

The EM follow-up program will intensify  multi-messenger astronomy→

ApJL. 826, 1



Modeled search (offline)22
Theoretical input:Theoretical input:
– 90s: CBC PN waveforms (Blanchet, Iyer, Damour, Deruelle, Will, Wiseman, …)
– 00s: CBC Effective One Body “EOB” (Damour, Buonanno)
– 06: BBH numerical simulation (Pretorius, Baker, Loustos, Campanelli)

The intrinsic waveform parameters:The intrinsic waveform parameters:
– Masses: 

– Spins and orbital angular momentum: 

The waveform models used for the search:The waveform models used for the search:
– Inspiral, PN3.5 for 
– Inspiral/Merger/Ringdown EOB + numerical relativity for
– Spins and orbital angular momentum are aligned 
Template bank  match-filtering technique→Template bank  match-filtering technique→

M tot<4 M sun

M tot>4 M sun

S⃗ tot=S⃗1+ S⃗2+ J⃗

M tot=M1+M 2

arXiv:1602.03839
arXiv:1606.04856



Modeled search (pyCBC offline)23

GW150914

● SNR = 23.7

● False-alarm rate <

● Significance > 5.3 σ

Full O1 analysis, final calibration

6.0×10−7 yr−1

Iterative process
 → remove the highest-ranked event from background before 

estimating the next event significance

arXiv:1602.03839
arXiv:1606.04856

Background estimated with real data:
Detectors data are time-shifted



Modeled search (pyCBC offline)24

Full O1 analysis, final calibration

GW151226

● SNR = 13.0

● Significance > 5.3 σ

LVT151012

arXiv:1602.03839
arXiv:1606.04856

Background estimated with real data:
GW150914 is removed from the data



O1 gravitational-wave events25

Full O1 analysis, final calibration

arXiv:1606.04856



Parameter estimation26

– Markov-Chain Monte Carlo + nested sampling techniques
– Evaluate likelihood over a multi-dimensional parameter space
– Search results used as prior

arXiv:1606.04856



Component masses27

M c=
(m1m2)

3/5

(m1+m2)
1 /5

Mostly sensitive to the chirp mass

 → m1, m2 degeneracy

m1=36.2−3.2
+ 5.2 M sun

m2=29.1−4.4
+3.7 M sun

GW150914
m1=14.2−3.7

+8.3 M sun

m2=7.5−2.3
+2.3 M sun

GW151226

 → All the components are black holes
 → GW150914: heavy black holes (m > 20 Msun)

arXiv:1606.04856



Component spins28

=m2/m1

χeff =
m1 s1 z+m2 s2 z

m1+m2

 → not well constrained

 →Maximal spin is excluded
 → GW151226: at least one black hole is a Kerr black hole

spin >0.2

GW151226GW150914
Uninformative about precession

arXiv:1606.04856



Final mass & spins29
Final mass & spin

M f=62.3−3.1
+3.7 M sun

GW150914
M f=20.8−1.7

+6.1 M sun

GW151226

a f =0.68−0.06
+0.05 a f =0.74−0.06

+0.06

arXiv:1606.04856

The ringdown phase is primarily governed 
by the mass and spin of the final black hole
(quasi-normal modes)

 → ~ 3 Msun 
radiated in GW

 → ~ 1 Msun 
radiated in GW



Source position30

DL=420−180
+150 Mpc

DL=440−190
+180 Mpc

z=0.09−0.04
+0.03

z=0.09−0.04
+0.03

90% credible region for sky location: 
 → GW150914 = 230 deg2

 → GW151226 = 850 deg2
GW150914

GW151226

(Lambda-CDM cosmology)

Limited accuracy with 2 detectors
 → will be improved with a 3rd detector (a few deg2)

arXiv:1606.04856

AGW ∝1/DL



Testing the general relativity31

First opportunity to study GR in a strong-field regimeFirst opportunity to study GR in a strong-field regime
Test #1  signal waveform/GR consistency: residual compatible with noise→

Test #2  BBH parameter consistency before/after merger: excellent→

Test #3  deviation from PN waveforms: constraints on PN coefficients→

Test #4  consistency with the least-damped quasi-normal-mode of the remnant black hole→

Test #5  theory with massive graviton: best constraints on the graviton mass→

Waveform parameterization:
IMRPhenom phase is parameterized by 
a set of coefficients 
 → search for deviations:

pi→ p i×(1+δ p̂i)

arXiv:1606.04856
Phys. Rev. Lett. 116, 221101



Astrophysical implications32

 → binary black hole systems can form in nature (how?)
 → binary black hole systems can merge in a Hubble time
 → heavy stellar black holes can form in nature (how?)

Heavy black formation models

Low-metallicity + weak wind models are favored

ApJL. 818, 2



Stochastic background33

Properties of GW150914  robust estimate for the energy density of gravitational-wave →
background from binary black holes

 → The design sensitivity of Advanced detectors is required to access such a signal
(but it is going to be tough!)

Phys. Rev. Lett. 116, 13110



Hint for dark matter?34

GW150914: heavy black holes  could be of primordial origin and contribute to the dark →
matter content of the Universe

Model to compute the merger rate per dark matter halo  Stochastic background→

Mandic et al. arXiv:160806699 

 → Unlikely to detect primordial black holes with LIGO and Virgo detectors



Event rates35
– Simulated signals with parameters drawn from astrophysical populations
– Noise distribution from CBC searches

p(m1 ,m2)∝m1
−1m2

−1

~underestimates the rate

p(m1)∝m1
−2.35

~overestimates the rate

p(m2)=cte

R=9−240Gpc−3 yr−1

arXiv:1602.03842
arXiv:1606.04856



Detection rates36

False-alarm rate = 1 / 100 years
N>10
N>35

N>70

arXiv:1606.04856



Conclusions & outlook37

 → This discovery is threefoldThis discovery is threefold:
– first direct detection of a gravitational wave
– first observation of a binary black hole system
– first evidence of stellar mass > 20 Msun

 
 → Many experimental results obtained with only 2 events

 → Gravitational-wave events can be detected with a low latency (<3min): first step in 
GW astronomy

The future is promisingThe future is promising

 → More O1 results will be released soon

 → A new data run is about to begin (O2), with improved detector sensitivity

 → More events could be detected: population, new types of sources (supernovae, 
neutron stars)

 → New instruments will join the network



Event significance
The background of a gravitational-wave search is estimated using the time-slide technique
Assumption = uncorrelated noise between detectors

Coincidence time window

+δ t

True experiment = noise + signal

List of background events

Fake experiment = noise only

List of candidates

time time

A very large number of fake experiments can be simulated
using multiple offsets

GW150914 offline analysis:
– 16 days of coincident data
– O(106) time offsets

 → background estimated using a fake experiment of O(100,000 years)

Hanford

Livingston



Binary neutron stars

Merger rate upper limits
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