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Einstein’s Gravity
Gµν = 8πTµν

Matter tells spacetime how to curve, and 
curved space tells matter how to move

John Wheeler:



Compact Binary Systems
Now imagine two very compact stars (neutron stars or black holes) 
in a tight binary orbiting system:

Space is “swirled” by the orbiting stars, creating a ripple that 
propagates to distant regions of the universe

Courtesy Jet Propulsion Laboratory 



How is the strength of a 
gravitational wave 
described?

By fractional change in 
distance, i.e., strain h(t)

h(t)  ~  ΔL(t) / L
L

ΔL

Gµν = 8πTµν

hµν = h+ (t − z / c)+ h× (t − z / c)
+

×

(∇2 − 1
c2

∂2

∂t2
)hµν = 0

Metric wave 
disturbance
(weak field)

! Large L gives good lever arm on h [demo]



So how does one detect a gravitational wave?



Adding more detail 
(Initial LIGO)

Fabry-Perot 
arm cavities

Suspended mirrors 
(test masses)



Initial LIGO ! Advanced LIGO

Increased test mass: 
10 kg ! 40 kg
Compensates increased radiation pressure noise

Increased laser power: 
10 W !  200 W
Improved shot noise (high freq)

Higher-Q test mass: 
Fused silica with better optical coatings
Lower internal thermal noise in band

Photo credits: LIGO Lab



New suspensions: 
Single ! Quadruple pendulum
Lower suspensions thermal noise in 
bandwidth

Improved seismic isolation: 
Passive ! Active
Lowers seismic “wall” to ~10 Hz 

Initial LIGO ! Advanced LIGO

Photo credits: LIGO Lab



Full design 
sensitivity

Range increases by 10     !     Volume increases by ~1000
                                                Rate increases by ~1000

 But not there yet!



LIGO Observatories

Livingston

Hanford Observation of nearly simultaneous 
(|Δt|<10 ms) signals 3000 km apart 
rules out terrestrial artifacts

Timing and antenna pattern give 
(some) directionality on sources 



Virgo Observatory

3-km Michelson 
Interferometer just 
outside Pisa, Italy 

Ongoing upgrade: Initial Virgo ! Advanced Virgo

Less sensitive than LIGO, but valuable
! Helps source triangulation by order of magnitude



LIGO Scientific Collaboration – Feb 2016
“LIGO Logos”



LIGO Scientific Collaboration – Aug 1997 founding

The image cannot be displayed. 
Your computer may not have 
enough memory to open the 
image, or the image may have 
been corrupted. Restart your 
computer, and then open the 



Michigan Gravitational Wave Group (MGWG)

Dick Gustafson (c, d) Keith Riles (d, a, o)Orion Sauter (a)

c = commissioning
d = detector characterization
a = analysis
o = outreach (instrumentation)

Ansel Neunzert 
(c,d,a)

Paul Huang (a)

Eilam Morag (d)
Kaushik Rao (d)

Sophie 
Hourihane(d)

Jessica Leviton (d)

Humza 
Khan (o)

Jon Wang (a)



MGWG Alumni working in GW science

Grant Meadors
Ph.D. 2014

Albert Einstein 
Institute

Vladimir Dergachev
Ph.D. 2009

Albert Einstein 
Institute

Jaclyn Sanders
Ph.D. 2015

Syracuse University
Santiago Caride

Ph.D. 2015
Texas Tech University

Evan Goetz
Ph.D. 2010

Albert Einstein Institute

Jacob Slutsky
B.S. 2006

Goddard Space Flight 
Center

Alex Nitz
B.S. 2010

Albert Einstein Institute
Jamie Rollins

B.S. 1999
LIGO Laboratory



O1 Data Run

B.P. Abbott et al, PRL 116, 061102 (2016)



Gravitational Wave 
Event GW150914

Data bandpass filtered 
between 35 Hz and 350 Hz
Time difference 6.9 ms with 
Livingston first

Second row – calculated GW 
strain using Numerical 
Relativity Waveforms  for 
quoted parameters compared 
to reconstructed waveforms 
(Shaded)

Third Row –residuals

Bottom row – time frequency 
plot showing frequency 
increases with time (chirp)

B.P. Abbott et al, PRL 116, 061102 (2016)

 
The Golden Event

 
First
 

^





Estimated GW Strain Amplitude: 
GW150914

 

Full bandwidth 
waveforms without 
filtering.    Numerical 
relativity models of black 
hole horizons during 
coalescence

Effective black hole 
separation in units of 
Schwarzschild radius 
(Rs=2GMf / c2);  and 
effective relative 
velocities given by post-
Newtonian parameter v/c 
= (GMf πf /c3)1/3

B.P. Abbott et al, PRL 116, 061102 (2016)



Source Parameters for GW150914

36 + 29 ≠ 62
Fits to numerical simulations of black hole mergers 
determines the following parameters:

Total energy radiated in gravitational waves is 3.0 ± 0.5 solar masses
à Peak “luminosity” ~3.6 ×1056 erg/s

B.P. Abbott et al, PRL 116, 061102 (2016)



Localization
Two detectors and a time offset 
define a ring on the sky

Can do (somewhat) better by 
exploiting antenna pattern 
sensitivities and Bayesian prior 
on location

Detection with Virgo will 
improve triangulation 
dramatically

B.P. Abbott et al, ApJ 826, L13 (2016) 

does



Boxing Day Event – GW151226

M1      ~ 14 M"#

M2    ~   8 M"#

Mfinal ~ 21 M"

à  ~1 M" radiated

Dist ~ 440 Mpc

B.P. Abbott et al, PRL 116, 241103 (2016)



The O2 Run
After O1 completed in January 2016, both observatories began 
preparations for the the O2 run planned for the fall:
q  Mitigate some non-fundamental noise sources seen in O1
q  Raise laser powers to reduce fundamental noise and 

demonstrate mitigation of parametric instability (PI) 
associated with high power

Mishap at Livingston derailed high-power plans for 2016, but 
other noise mitigation paid off well
Hanford learned to cope well with PIs at higher power, but 
encountered other technical problems at higher power and had 
to back off (for O2)

O2 began November 30, 2016 – ended August 25, 2017



The O2 Run

à  Livingston more sensitive in O2 than in O1 J
à  Hanford less sensitive L

This band helpful for 
detecting binary black holes!

B.P. Abbott et al, PRL 118, 221101 (2017)



Early Result from O2: 
    
              GW170104

B.P. Abbott et al, PRL 118, 221101 (2017)

M1      ~ 31 M"#
M2    ~ 19 M"#

Mfinal ~ 49 M"

à ~2 M" radiated

! Another massive system far away! 

Distance ~ 880 Mpc
 (~3 billion light-years)



GW170104 – Where does it fit with previous detections?

B.P. Abbott et al, PRL 118, 221101 (2017)



GW170104 – Where does it fit with previous detections?
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GW170104 – Where does it fit with previous detections?

Curves show posterior 
densities of combined 
projected spins χeff
for all definite and likely 
BBH detections to date

à Implications for original
    BH and BBH formation

No evidence of 
clustering near large 
positive values of χeff

Disfavored 
region

B.P. Abbott et al, PRL 118, 221101 (2017)



Another Result from O2:

à Yet another distant   
massive system!

Distance ~ 540 Mpc
 (~1.8 billion light-years)

GW170814
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B.P. Abbott et al, PRL 119, 141101 (2017)



Adding Virgo dramatically improves sky localization!

! Very useful for follow-up by “Photon Astronomers” 

GW170814 B.P. Abbott et al, PRL 119, 141101 (2017)



(as of the GW170814 announcement)



Gravitational Wave 
Event GW170817

B.P. Abbott et al, PRL 119, 061101 (2017)

 
The Second Golden Event

a.k.a. GRB170817A a.k.a. SSS17a (AT 2017gfo ) 



Gravitational Wave Event GW170817 – A/V 
(noise present)

Credit: G.Lovelace, D.Brown, D.Macleod, J.McIver, A.Nitz



Credit: G.Lovelace, D.Brown, D.Macleod, J.McIver, A.Nitz

Gravitational Wave Event GW170817 – A/V 
(noise removed)
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Some numbers based on GW data alone
Waveform: SNR = 32, duration from 30 Hz = 60 s (~3000 GW cycles)
NS masses – primary: 1.4-2.3 M⦿  secondary: 0.9-1.4 M⦿ 
NS radii  ≲ 15 km, Distance to source ~ 40 Mpc (130 million light years)
Rate: 320-4700 Gpc−3 yr−1 (only 1 event!)
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LIGO-Virgo/Frank Elavsky/Northwestern



Some Dirty Laundry…

B.P. Abbott et al, 
PRL 119, 061101 (2017)

Nasty “Blip Glitch” in 
Livingston data about 
1.1 second before 
coalescence! 

Excised with inverse 
Tukey window filter
-- First done in a 
hurry on August 17!

Delayed production of  
clean sky map for 
photon astronomers L



Sky localization – GW data alone



B.P. Abbott et al, 
PRL 119, 061101 (2017)

Sky/distance localization – GW data vs optical / Hubble Const



Animation from NASA of NS merger and aftermath



Animation from NASA of GW chirp and GRB detection

−3×10−15 < (vGW − c)
c

< 7×10−16    (lower bound assumes 10-s γ  emission delay)
B. Abbott et al., Ap. J. Lett. 848 L13 (2017)



Observatories (~70) on the Earth and in orbit

! Ready to point upon receiving LIGO/Virgo alert – Earth/Sun permitting



Time Zone Matters!

Mark Myers / OzGrav



It takes a Global Village…

•  Building this rapid response network took many years of negotiation 
and meetings between LIGO/Virgo and photon astronomers

•  Infrastructure for “private” alerts / reports non-trivial to implement

•  Based on the infrastructure set up in the 1990’s to allow rapid follow-
up of GRBs reported by gamma-ray satellites

•  Rapidity is important as transient events change character rapidly 
     ! Ideally, follow-up should be automated (robotic)

First successful rapid follow-up of a GRB 
executed by U. Michigan in 1999 by Carl 
Akerlof’s ROTSE* team 

Found by ROTSE within 22 seconds!

*Robotic Optical Transient Search Experiment



ROTSE I

GRB990123

J. Wren, R. Kehoe T. McKay



ROTSE III – Australia edition
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Figure from
 
“Multi-Messenger 
Observations of a Binary 
Neutron Star Merger”

Ap. J. Lett. 848 L12 (2017)

59-page “letter” (!)
More than 3000 authors,
~70 collaborations
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Fermilab

https://www.youtube.com/watch?
v=zpWVzVGCtBQ&feature=youtu.be

Animation from Fermilab of NS 
merger and aftermath



Cerro Tololo Inter-American 
Observatory in Chile

Home of Dark Energy Camera 
(used for the Dark Energy Survey)

Members of the UM DES Group



Observatories (~70) on the Earth and in orbit

! Ready to point upon receiving LIGO/Virgo alert – Earth/Sun permitting

High energy 
neutrino 
detectors

Already observing

( none detected L )



“Multi-messenger” means not just the combination of electromagnetic and 
gravitational wave signals, but can also include another messenger 
! Neutrinos

Multi-messenger extra-solar astronomy began 30 years ago with the 
discovery of Supernova 1987A

Before After



Courtesy: A.P.S.

U. Michigan physics professors      
Jack Van der Velde and Dan Sinclair 
had joined with U.C. Irvine and 
Brookhaven Lab physicists in the early 
1980’s to build an underground proton 
decay detector, using Cerenkov 
radiation rings in water

!  IMB Experiment



Visiting Washington, DC to get funds... (1980)



Dramatic confirmation of supernova theory

Opened up new field of neutrino astronomy 
and multi-messenger astronomy (extra-solar & extra-galactic)

The IMB Detector “saw” 
Supernova 1987A !

(as did the Japanese 
Kamiokande Detector and the 

Russian Baksan Detector)

1 of 8 IMB neutrino events



Spectral evolution of 
optical counterpart  over 
first week
Blue à Infrared

B. J. Shappee et al.,
Science, in press (2017)

”The spectra of SSS17a begin 
displaying broad features after 
1.46 days, and evolve 
qualitatively over each 
subsequent day, with distinct 
blue (early-time) and red (late-
time) components. 

The late-time component is 
consistent with theoretical 
models of r-process-enriched 
neutron star ejecta, whereas 
the blue component requires 
high velocity, lanthanide-free 
material. ”

GW170817



Three scenarios for producing a kilonova*

(D. Kasen et al., Nature Lett., in press)

*a.k.a. macronova   (L. Li and B. Paczyn ́ski, 1998, Ap.J. Lett. 507, L59)

“We infer the presence of two distinct components of ejecta, one composed 
primarily of light (atomic mass number less than 140) and one of heavy (atomic 
mass number greater than 140) r-process elements.

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.”



So just how much gold & platinum was produced?

Business Insider – October 2017

NSF/LIGO/Sonoma State University/A. Simonnet



“The gold forged alone is worth about ...
$100,000,000,000,000,000,000,000,000,000” – B. Metzger (Columbia)

So just how much gold & platinum was produced?

 “...tens of times the mass of the Earth in gold and platinum.” 
– E. Berger (Harvard)

“The yield of gold alone was around 200 Earth masses, and that of 
platinum nearly 500 Earths – D. Kasen (U.C. Berkeley)

“... back-of-the-envelope calculations indicate that this single collision 
produced an amount of gold greater than the weight of the Earth.
– D. Holz (U. Chicago)

Watch 
your 
wallet!



LIGO’s Baby S     toward Cosmology
Distance to source inferred from amplitude of waveform (with errors!)
Redshift of source measured by EM partners 
! Take ratio of redshift “velocity” to distance to get Hubble Constant*

Not precise yet!
But completely independent of previous H0 determinations
! Interesting potential in coming years (more detections, farther out)

B.P. Abbott et al, Nature, in press

*[1]  B. F. Schutz, Nature 323, 310 (1986) 



Summary

q  LIGO has observed gravitational waves from the 
mergers of stellar mass black holes                          
(four definitive discoveries published)

q  Virgo has now started detecting gravitational waves too!  
à Dramatically improves triangulation of sources

    à Makes electromagnetic follow-up feasible

q  First discovery of a binary neutron star merger
    ! EM follow-up campaign stunningly successful
    ! Gamma rays, X-rays, UV, optical, IR, radio observed
    ! Strongly supports kilonova explanation of heavy
         element production in the Universe



2017 UM Physics  
Ta-You Wu Lecturer 



Galileo’s “lab notebook” with first 
observations of Jupiter’s moons 

Visit to UM Bentley 
Special Collections
Sept 13, 2017



The dawn of 
Gravitational-wave 
multi-messenger 
astronomy is here

Credit: N. Armstrong



EXTRA SLIDES



The “most sure-fire” signal

Imagine two neutron stars:
q  Each with mass equal to 1.4 solar masses
q  In circular orbit of radius 20 km (imminent coalescence)
q  Resulting orbital frequency is 400 Hz (!)
q  Resulting GW frequency is 800 Hz

Courtesy: Peter Shawhan

General Relativity predicts:

h ≈ 10−21

(r /15 Mpc)

à  Virgo cluster – Initial LIGO hoped for this signal…
     (just detectable)



So how likely is it to see such a binary neutron star (BNS) signal?

Three distinct approaches to estimate BNS merger rates:
•  Known double-neutron-star systems in the Galaxy
•  Stellar evolution modeling (population synthesis)
•  Short gamma-ray burst rates (with beaming assumptions)

Galactic systems give the strongest constraints:

BNS rates:* [mergers per Mpc3 per Myr] 
Low   0.01
Realistic   1 
Optimistic 10 
High 50 

Predicted BNS counts for the first Advanced LIGO Observing Run O1
  0.0005 – 4 events 

à  Would have had to be lucky to see a BNS in O1
     (and extremely lucky to have seen one in initial LIGO data)

*B.P. Abbott et al, Living Rev. Relativity 19, 1 (2016) 



Other compact binary coalescences:  NS-BH and BH-BH

Predicted Rates:* [mergers per Mpc3 per Myr]

  NS-NS NS-BH BH-BH
Low 0.01 0.0006 0.0001
Realistic  1 0.03 0.005
Optimistic   10 1 0.3 

Predicted counts for NS-BH and BH-BH comparable to NS-NS, 
despite lower rate densities because the heavier systems can be 
seen to larger distances and much larger volumes

Higher masses lead to higher rates 
à  Event rate proportional to (mass)3

! BH rates depend sensitively on assumed mass distributions

*B.P. Abbott et al, Living Rev. Relativity 19, 1 (2016) 



One BH-BH Example
Now imagine two heavy black holes :
q  Each with mass equal to 30 solar masses
q  In circular orbit of radius 175 km (imminent coalescence)
q  Resulting orbital frequency is 100 Hz
q  Resulting GW frequency is 200 Hz

Courtesy: Peter Shawhan

GR prediction:

h ≈ 10−21

(r/400Mpc)

! Easily detectable in fall 2015 O1 run
High mass ! Low chirp frequency



Newton’s Gravity

!
FOn Earth = − GMSunMEarth

rE-S
2 r̂E-S

MEarth

MSun

!rE-S

à Instantaneous “action at a distance”



Curved space 
also tells light 
how to move

Courtesy: University of Oregon

Sir Arthur Eddington’s 1919 African 
expedition to observe the total solar 
eclipse established that Einstein’s 
predicted deflection of light was correct

First confirmed prediction of General 
Relativity*

*Einstein used the precession of Mercury’s
 perihelion as a guide in checking GR



! Coalescence in about 
300 million years

Binary system’s orbit 
shrinks about 3 mm 
every revolution from 
GW energy loss

Present 
orbital 
extent

Orbit 
slowly 
shrinking

Weisberg et al, 1981

·

·
Observed  
17-Hz pulsar
PSR 1913+16 Unseen companion 

(neutron star)
Orbital period is 7.75 hours

Hulse-Taylor binary system (1974)



Comparing prediction to measurement
Smooth curve is absolute 
prediction from General 
Relativity                         
(no free parameters!)

Dots are measured data

Cumulative 
advance in time 
of periastron

Can we detect the 
implied gravitational 
waves here on Earth?

Unfortunately, no.          
GW frequency is ~ 70 μHz

Task for future space-
based detector 



Final stages of death spiral

Well, what if we waited 
around for 300 million 
years?
What might we “see”?

A Chirp!

Graphs show waveform 
for 4 different 1-second 
intervals near the end of 
the inspiral, a.k.a.,   
“death spiral”
(in arbitrary but 
consistent units)



Last nine 
seconds
of inspiral



“Prospects for Observing and Localizing Gravitational-Wave 
Transients with Advanced LIGO and Advanced Virgo” , arXiv:

1304.0670 “

LIGO and Virgo Collaborations B.P Abbott et al, LRR 19, 1 (2016) 



Coalescing binaries containing neutron stars (may) offer glimpse into the 
neutron star equation of state, as NS is tidally shredded
à  Will probably need good SNR at high frequencies to see effects

Outlook -- Other gravitational wave sources?

Coincident electromagnetic observations of short GRB with NS-NS merger:
•  New insight into GRB dynamics
•  New rung on cosmological distance ladder – calibrate redshift with       

GW luminosity distance
•  Can set limits on |c-cGW| 

Supernovae are seen now via 
electromagnetic observations of outer 
envelopes and (once!) by neutrinos
à  Gravitational waves would give 

view of core collapse itself

Courtesy: Dr. Tony Mezzacappa -- ORNL 



The Big Bang may have produced residual gravitational waves strong 
enough to be detected on Earth (but not likely)

Planck

Fast-spinning neutron stars in our 
galaxy could be non-axisymmetric 
enough to produce an extremely weak 
but continuous signal 

Chandra view of Crab Pulsar

Outlook -- Other gravitational wave sources?

Recent (O1) exclusion papers:
 B.P. Abbott et al,  
 PRL 118, 121101 (2017)
 PRL 118, 121102 (2017)

Recent (O1) exclusion papers:
 B.P. Abbott et al,  
 ApJ 839, 12 (2017)
 arXiv:1704.03719



GW150914

§  In September 2015, we were in the final stages of 
preparation for first Advanced LIGO data run (O1).

§  The very last step is a short “Engineering Run,” during 
which on Sept 14 our online monitor recorded GW150914.

§  We identified the signal within 3 minutes
§  We responded by starting the data run officially, keeping all 

settings fixed and ran for 16 live days coincidence time 
(long enough to assess background levels, etc)

§  Data analyzed for assessing significance: Sept 12 – Oct 20
__________________

§  O1 continued data taking until 12 Jan 2016

B.P. Abbott et al, PRL 116, 061102 (2016)



Testing General Relativity 

q  Most relativistic binary known previously : J0737-3039 
w  Orbital velocity  

q  GW150914 : Highly disturbed black holes 
w  Non linear dynamics 

q  Access to the properties of space-time 
w  Strong field, high velocity regime testable for the first time 

q  Tests : 
w  Check of the residuals 
w  Waveform internal consistency check 
w  Deviation of Post-Newtonian coefficients from General Relativity ? 
w  Bound on graviton mass 

q  Confirms predictions of General Relativity 
B.P. Abbott et al, PRL 116, 061102 (2016)
B.P. Abbott et al, PRL 116, 221101 (2016)

v/c ~ 0.3 (×2)



Simulation (slow motion!) of end of the Death Spiral

Credit: Simulating eXtreme Spacetimes (SXS) – www.black-holes.org



Credit: Simulating eXtreme Spacetimes (SXS) – www.black-holes.org



Credit: LIGO Lab





Adding still more detail – Advanced LIGO         
(nominal laser powers are for near design sensitivity)

Pre-stabilized Laser Active Seismic Isolation ‘Test Mass’ Mirror

Input Optics

Output Mode Cleaner

Auxiliary Laser 



Average range vs time for detecting NS-NS binaries with SNR = 8

O1 Data Run

Observing
Scenario
range
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Transient Event Searches (1) 
Binary Coalescence search

§  Targets searches for  GW emission from binary sources
§  Search from 1 to 99 solar masses; total mass , 100 solar masses and 

dimensionless spin < 0.99
§  ~250,000 wave forms, calculated using analytical and numerical 

methods, are used to cover the parameter space
§  Calculate matched filter signal/noise as function of time ρ(t) and identify 

maxima and calculate χ2 to test consistency with matched template, 
then apply detector coincidence within 15 msec.

§  Calculate quadrature sum ρc of the signal to noise of each detector
§  Background :  Time shift and recalculate 107 times equivalent to 

608,000 years.
§  Significance:  GW150914 has ρc = 23.6 (largest signal), corresponding 

to false alarm rate less than 1 per 203,000 years or significance > 5.1σ



Statistical Significance of GW150914

Binary Coalescence Search



Transient Event Searches (2) 
Generic Transient Search

§  No specific waveform model:   Identifies coincident excess power in 
wavelet representations  (f < 1 kHz and t < few seconds)

§  Reconstruct waveform in both detectors using multi-detector maximum 
likelihood method.

§  Detection Statistic:

§  Ec = dimensionless coherent signal energy by cross correlating the two 
reconstructed waveforms and En  is residual noise energy

§  Restricting to events with f increasing with time, GW150914 is the 
strongest event in the search with ηc = 20

§  Yields false alarm rate < 1 per 22,500 years 

§  Probability of background event during data run < 2×10-6  or  > 4.6 σ



Statistical Significance of GW150914



Transient noise

q  Detectors were operating in their nominal state at the 
time of GW150914

q  Still contain non-Gaussian transients, examples:
w  Anthropogenic noise
w  Seismic noise
w  “Blip” transients

q  Mitigate noise by “vetoing” 
times of elevated noise,  
measured in auxiliary channels.

q  Data are clean and stationary around time of event

Noise characterization related to GW150914 15

independently with modest amplitude. The single detector burst identification575

algorithm Omicron, which identifies excess power transients using a generic sine-576

Gaussian time-frequency projection [13, 14], will resolve such noise transients with577

a signal-to-noise ratio of 10-100. No clear correlation to any auxiliary channel has578

yet been identified. As a result, there is currently no veto available to remove these579

noise transients from the astrophysical searches. Blip transients contribute to580

some of the most significant background triggers in both the unmodeled burst and581

modeled CBC searches. The noise transient shown in Figure 3k is one example.582
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Figure 3: A normalized spectrogram of the LIGO-Livingston h(t) channel at the time
of a blip transient. The color scale indicates excess signal energy of data
normalized by an estimated power spectral density.

The impact of noise sources on the astrophysical searches is discussed in583

Section 5.2.584

3.2. Correlated noise585

Noise sources that may a↵ect both the detectors nearly simultaneously could586

potentially imitate a gravitational wave event and would not be captured by time587

shifts in the search background estimation.588

Potential electromagnetic noise sources include lightning, solar events589

and solar-wind driven noise, as well as radio frequency (RF) communication. If590

electromagnetic noise were strong enough to a↵ect h(t), it would be witnessed with591

high SNR by radio receivers and magnetometers.592

Lightning strikes occur tens of times per second globally. They can excite593

magnetic Schumann resonances, a nearly harmonic series of peaks with a fundamental594

frequency near 8 Hz (governed by the light travel time around the earth) [16, 17].595

However, the magnetic field amplitudes produced by Schumann resonances are of the596

order of a picoTesla; too small to produce strong signals in h(t) [18].597

Nearby individual lightning strikes can induce transient noise in h(t) via audio598

frequency magnetic fields generated by the lightning currents. However, even large599

strikes do not usually produce fields strong enough to be detected by the fluxgate600

magnetometers at both detectors simultaneously.601

k The spectrograms shown in Figures 3, 10, and 13 are generated using a sine-Gaussian basis [15]
instead of the sinusoidal basis of a traditional Fast-Fourier Transform.



Noise 
coupling 
example:
Magnetic 
fields

Noise characterization related to GW150914 13
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Figure 2: Noise coupling example: determining magnetic field coupling for a location at
LIGO-Hanford. The top panel shows the output of a magnetometer installed
in the corner station (see Figure B1) during the injection of a series of
single frequency oscillating magnetic fields at 6 Hz intervals (in red) and at a
nominally quiet time (in blue). The middle panel shows h(f) during this test
(in red) and during the same nominally quiet time (in blue). The heights of
the induced peaks in h(f) can be used to determine the magnetic coupling (in
m/T) at those frequencies, as shown in the bottom panel. The points in the
bottom panel above 80 Hz were determined in a di↵erent test with a stronger
magnetic field needed to produce discernible peaks in h(f). The green points
in the middle panel are an estimate of the the contribution to h(f) from the
ambient magnetic noise during the nominally quiet time, calculated using the
coupling function from the bottom panel. Injection tests also induced strong
magnetic fields above 200 Hz. At higher frequencies, coupling was so low that
the injected fields did not produce a response in h(f), but were used to set
upper limits on the coupling function. This figure only shows data for one
(typical) location, but similar injections were repeated at all locations where
magnetic coupling might be of concern.



Correlated noise

q  Possible electromagnetic noise sources
w  Lightning, solar events.
w  Would be picked up in radio receivers, magnetometers
w  Nothing at time of event

q  Cosmic ray showers
w  Not correlated on 3,000 km scales
w  Cosmic ray detector at Hanford – no events
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Event ranking

q  Triggers in each detector are ranked based on a  
“re-weighted” SNR:

 

 
 
 
 

q  GW150914 was the most significant trigger in each detector

10

signal is consistent with a coalescence. To suppress triggers
from noise transients with large matched-filter SNR, r(t) is
re-weighted by [61, 76]

r̂ =

8
<

:
r

�⇥
(1+(c

2
r )3)/2

⇤ 1
6 , if c

2
r > 1,

r, if c

2
r  1.

(6)

Triggers that have a re-weighted SNR r̂ < 5 or that occur dur-
ing times subject to data-quality vetoes are discarded.

The template waveforms span a wide region of time-
frequency parameter space and the susceptibility of the anal-
ysis to a particular type of noise transient can vary across the
search space. This is demonstrated in Fig. 4 which shows
the cumulative number of noise triggers as a function of re-
weighted SNR for Advanced LIGO engineering run data taken
between September 2 and September 9, 2015. The response of
the template bank to noise transients is well characterized by
the gravitational-wave frequency at the template’s peak ampli-
tude, fpeak. Waveforms with a lower peak frequency have less
cycles in the detector’s most sensitive frequency band from
30–2000 Hz [17, 51], and so are less easily distinguished from
noise transients by the re-weighted SNR.

The number of bins in the c

2 test is a tunable parameter
in the analysis [4]. Previous searches used a fixed number of
bins [83] with the most recent Initial LIGO and Virgo searches
using p = 16 bins for all templates [76, 77]. Investigations on
data from LIGO’s sixth science run [77, 84] showed that better
noise rejection is achieved with a template-dependent number
of bins. The left two panels of Fig. 4 show the cumulative
number of noise triggers with p = 16 bins used in the c

2 test.
Empirically, we find that choosing the number of bins accord-
ing to

p = d0.4( fpeak/Hz)2/3e (7)

gives better suppression of noise transients in Advanced LIGO
data, as shown in the right panels of Fig. 4.

The PyCBC analysis enforces signal coincidence between
detectors by selecting trigger pairs that occur within a 15ms
window and come from the same template. We rank coinci-
dent events based on the quadrature sum r̂c of the r̂ from both
detectors [4]. The final step of the analysis is to cluster the co-
incident events, by selecting those with the largest value of r̂c
in each time window of 10 s. Any other events in the same
time window are discarded. This ensures that a loud signal
or transient noise artifact gives rise to at most one candidate
event [4].

The significance of a candidate event is determined by the
rate at which detector noise produces events with a detection-
statistic value equal to or higher than that of the candidate
event. To measure this, the analysis creates a “background
data set” by artificially shifting the timestamps of one detec-
tor’s triggers by many multiples of 0.1 s and computing a new
set of coincident events. Since the time offset used is always
larger than the time-coincidence window, coincident signals
do not contribute to this background. Under the assump-
tion that noise is not correlated between the detectors [14],

this method provides an unbiased estimate of the noise back-
ground of the analysis.

To account for the noise background varying across the tar-
get signal space, candidate and background events are divided
into different search classes based on template length. Based
on empirical tuning using Advanced LIGO engineering run
data taken between September 2 and September 9, 2015, we
divide the template space into three classes according to: (i)
M < 1.74M�; (ii) M > 1.74M� and fpeak > 220Hz; (iii)
M >> 1.74M� and fpeak < 220Hz. The significance of can-
didate events is measured against the background from the
same class. For each candidate event, we compute the false
alarm probability F . This is the probability of finding one
or more noise background events in the observation time with
a detection-statistic value above that of the candidate event,
given by [4, 85]

F (r̂c) ⌘ P(� 1 noise event above r̂c|T,Tb) =

1� exp

�T

1+nb(r̂c)

Tb

�
,

(8)

where T is the observation time of the search, Tb is the back-
ground time, and nb(r̂c) is the number of noise background
triggers above the candidate event’s re-weighted SNR r̂c.

Eq. (8) is derived assuming Poisson statistics for the counts
of time-shifted background events, and for the count of co-
incident noise events in the search [4, 85]. This assump-
tion requires that different time-shifted analyses (i.e. with
different relative shifts between detectors) give independent
realizations of a counting experiment for noise background
events. We expect different time shifts to yield independent
event counts since the 0.1 s offset time is greater than the
10 ms gravitational-wave travel time between the sites plus the
⇠ 1 ms autocorrelation length of the templates. To test the in-
dependence of event counts over different time shifts over this
observation period, we compute the differences in the num-
ber of background events having r̂c > 9 between consecutive
time shifts. Fig. 5 shows that the measured differences on
these data follow the expected distribution for the difference
between two independent Poisson random variables [86], con-
firming the independence of time shifted event counts.

If a candidate events’ detection-statistic value is larger
than that of any noise background event, as is the case for
GW150914, then the PyCBC analysis places a upper bound on
the candidate’s false alarm probability. After discarding time
removed by data-quality vetoes and periods when the detector
is in stable operation for less than 2064 seconds, the total ob-
servation time remaining is T = 16 days. Repeating the time-
shift procedure ⇠ 107 times on these data produces a noise
background analysis time equivalent to Tb = 608000 years.
Thus, the smallest false alarm probability that can be esti-
mated in this analysis is approximately F = 7⇥10�8. Since
we treat the search parameter space as 3 independent classes,
each of which may generate a false positive result, this value
should be multiplied by a trials factor or look-elsewhere ef-
fect [58] of 3, resulting in a minimum measurable false alarm
probability of F = 2⇥10�7. The results of the PyCBC anal-
ysis are described in Sec. V.
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Coincidence and time shifts

q  Coincidences are formed from single detector triggers, with 
same mass & spin parameter that occurred within 30ms.

q  Simple estimate
w  Chance of loudest event in each detector being coincident is 30ms/16 days 

or 2 x 10-8

q  Actual calculation
w  False alarm calculated by performing 100ms time shifts
w  Different length templates respond differently to instrumental artifacts: divide 

into three classes
w  Gives a false probability of < 2 x 10-7, or > 5.1 sigma
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Two discoveries and one likely detection
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Internal consistency of the waveform

q  Final black hole mass and spin -> Einstein equations	

w  Predicted from the mass and spins of progenitors
q  Deduced from the inspiral and early stage of coalescence	

q  Independently from the late stage (ringdown)	

q  Consistent with each other	

8

FIG. 2. 90% credible regions for the waveform (upper panel) and
GW frequency (lower panel) of GW150914 versus time as estimated
by the LALInference analysis [3]. The solid lines in each panel in-
dicate the most probable waveform from GW150914 [3] and its GW
frequency. We mark with a vertical line f end insp

GW = 132 Hz, which is
used in the IMR consistency test to delineate the boundary between
the inspiral and post-inspiral parts.

compare them also against the estimate performed using the477

full inspiral–merger–ringdown waveform GW150914. In all478

cases, we average the posteriors obtained with the EOBNR479

and IMRPhenom waveform models, following the procedure480

outlined in Ref. [3]. Technical details about the implementa-481

tion of this test can be found in Ref. [51].482

This test is similar in spirit to the �2 GW-search veto [2, 52]483

that penalizes event candidates if their (noise-weighted) resid-484

ual with respect to theoretical templates is too uneven across485

frequency segments—a warning that some parts of the wave-486

form are fit much worse than others, and thus the candidates487

may be due to instrument glitches that are very loud, but488

do not resemble binary-inspiral signals. However, �2 tests489

are performed by comparing the data with a single theoret-490

ical waveform, while in this case we allow the inspiral and491

merger/ringdown partial waveforms to select di↵erent physi-492

cal parameters. Thus, this test should be sensitive to subtler493

deviations from the predictions of GR.494

In Fig. 2 we show the EOBNR MAP waveform [3] with its495

instantaneous GW frequency; the shaded areas correspond to496

the 90% credible regions. The vertical line marks f end insp
GW =497

132 Hz; see also Fig. 5 below, where we plot the MAP498

frequency-domain amplitude and indicate the inspiral, inter-499

mediate, and merger-ringdown regimes. In Fig. 3 we sum-500

marize our findings. The top panel of Fig. 3 shows the poste-501

rior distributions of Mf and a f estimated from the inspiral and502

post-inspiral parts, as well as from the entire inspiral–merger–503

ringdown signal. It confirms the expected behavior: the in-504

tersection of the inspiral and post-inspiral 90% confidence re-505

gions (defined by the isoprobability contours that enclose 90%506

of the posterior) contain the inspiral-merger-ringdown 90%507

FIG. 3. Top panel: 90% confidence regions on the joint posterior
distributions for the mass Mf and dimensionless spin af of the final
compact object predicted from the inspiral (dark violet, dashed) and
measured from the post-inspiral (violet, dot-dashed), as well as the
result from a full inspiral-merger-ringdown (IMR) analysis (black).
Bottom panel: Posterior distributions for the parameters �Mf /Mf
and �af /af that describe the fractional di↵erence in the estimates
of the final mass and spin from inspiral and post-inspiral parts. The
contour shows the 90% confidence region. The plus symbol indicates
the expected value (0, 0) in GR.

confidence region. We have verified that these conclusions508

are not a↵ected by the specific formula [38, 50, 53] used to509

predict Mf and a f , nor by the choice of f end insp
GW within a few510

cycles of the waveform’s peak.511

To assess the significance of our findings more quantita-512

tively, we define parameters �Mf /Mf and �a f /a f that de-513

scribe the fractional di↵erence in the two estimates of the final514

mass and spin [51]. In the bottom panel of Fig. 3 we show515

their joint posterior distribution; the solid line marks the iso-516

probability contour that contains 90% of the posterior. The517

plus symbol indicates the null (0, 0) result expected in GR,518

which lies on the isoprobability contour that encloses 28% of519
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scribe the fractional di↵erence in the two estimates of the final514

mass and spin [51]. In the bottom panel of Fig. 3 we show515

their joint posterior distribution; the solid line marks the iso-516

probability contour that contains 90% of the posterior. The517

plus symbol indicates the null (0, 0) result expected in GR,518

which lies on the isoprobability contour that encloses 28% of519



Measuring the parameters

q  Orbits decay due to emission of gravitational waves
w  Leading order determined by “chirp mass” 

w  Next orders allow for measurement of mass ratio and spins
w  We directly measure the red-shifted masses (1+z) m
w  Amplitude inversely proportional to luminosity distance

q  Orbital precession occurs when spins are misaligned with 
orbital angular momentum – no evidence for precession.

q  Sky location, distance, binary orientation information 
extracted from time-delays and differences in observed 
amplitude and phase in the detectors

dr
af

t
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590 deg2, primarily in the southern hemisphere. The binary merges into a black hole of mass 62+4

�4

M�279

and spin 0.67+0.05
�0.07. This black hole is significantly more massive than any other known in the stellar-mass280

regime.281

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d282

Introduction— In [1] we reported the detection283

of gravitational waves (GWs), observed on Septem-284

ber 14, 2015 at 09:50:45 UTC by the twin instruments of285

the Laser Interferometer Gravitational-wave Observatory286

(LIGO) located at Hanford, Washington, and Livingston,287

Louisiana, in the USA [2, 3]. The transient signal, named288

GW150914, was detected with a false-alarm-probability of289

< 2 ⇥ 10�7 and has been associated with the merger of a290

binary system of black holes (BHs).291

Here we discuss the properties of this source and its in-292

ferred parameters. The results are based on a complete293

analysis of the data surrounding this event. The only in-294

formation from the search-stage is the time of arrival of295

the signal. Crucially, this analysis differs from the search296

in three fundamental ways: it is coherent across the LIGO297

network, it uses waveform models that include the full rich-298

ness of the physics introduced by BH spins, and it cov-299

ers the full multidimensional parameter space of the con-300

sidered models with a fine (stochastic) sampling; we also301

account for uncertainty in the calibration of the measured302

strain.303

In general relativity, two bodies in orbit slowly spiral to-304

gether due to the loss of energy and momentum through305

gravitational radiation [4, 5]. This is in contrast to New-306

tonian gravity where bodies can follow closed, elliptical307

orbits [6, 7]. As the binary shrinks, the frequency and am-308

plitude of the emitted GWs increase. Eventually the two309

objects merge. If these bodies are BHs, they form a single310

perturbed BH that settles down in its final state by radiating311

GWs at constant frequency with amplitude damped over a312

few cycles [8, 9].313

An isolated BH is described by only its mass and spin,314

since we expect the electric charge of astrophysical BHs to315

be negligible [10–13]. Merging binary black holes (BBHs)316

are therefore relatively simple systems. The two BHs are317

described by eight intrinsic parameters: the masses m
1,2318

and spins S
1,2 (magnitude and orientation) of the individ-319

ual BHs. For a BH of mass m, the spin can be at most320

Gm2/c; hence it is conventional to quote the spin magni-321

tude a = c|S|/(Gm2)  1. Nine additional parameters322

are needed to fully describe the binary: the location (lu-323

minosity distance D
L

, right ascension ↵ and declination324

�); orientation (the binary’s orbital inclination ◆ and polar-325

ization  ); time t
c

and phase �
c

of coalescence, and the326

eccentricity (two parameters) of the system.327

Radiation reaction is efficient in circularising orbits [14]328

before the signal enters the sensitivity band of the instru-329

ments. In our analysis, we assume circular orbits (we there-330

fore do not include the eccentricity parameters), and we331

find no evidence for residual eccentricity, see the Discus-332

sion and [15]. Under the approximation of circular orbit,333

dominant emission from the binary occurs at twice the or-334

bital frequency [16]335

The gravitational waveform observed for GW150914336

comprises of order of 10 cycles during the inspiral phase337

from where it enters LIGO’s sensitive band at 20 Hz, fol-338

lowed by the merger and ringdown. The properties of the339

binary affect the phase and amplitude evolution of the reg-340

istered signal, leaving fingerprints that can be exploited to341

measure the source parameters.342

Here we briefly summarise these signatures, and provide343

an insight into our ability to characterise the properties of344

GW150914 before we present the details of the Results; for345

methodological studies, we refer the reader to [17–21] and346

references therein.347

In general relativity, gravitational radiation is fully de-348

scribed by two independent, and time-dependent polariza-349

tions, h
+

and h⇥. Each instrument k measures the strain350

hk = F
(+)

k h
+

+ F
(⇥)

k h⇥ , (1)

a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which in turn de-
pend on the source location in the sky and the polarisation
of the waves [22]. During the inspiral and at the leading
order, the GW polarizations can be expressed as

h
+

(t) = A
GW

(t)
�
1 + cos2 ◆

�
cos�

GW

(t) , (2a)
h⇥(t) = �2A

GW

(t) cos ◆ sin�
GW

(t) , (2b)

where A
GW

(t) and �
GW

(t) are the GW amplitude and351

phase, respectively. For a binary viewed face-on, GWs are352

circularly polarized, whereas for a binary observed edge-353

on, GWs are linearly polarized.354

During the inspiral, the phase evolution355

�
GW

(t;m
1,2,S1,2) can be computed using post-356

Newtonian (PN) theory, which is a perturbative expansion357

in powers of the orbital velocity v/c [23]. For GW150914,358

v/c is in the range ⇡ 0.2–0.5 in the LIGO sensitivity359

band. At the leading order, the phase evolution is driven360

by a particular combination of the two masses, commonly361

called the chirp mass [24],362

M =
(m

1

m
2

)3/5

M 1/5
' c3

G


5

96
⇡�8/3f�11/3ḟ

�
3/5

, (3)

where f is the GW frequency, ḟ is its time derivative and363

M = m
1

+ m
2

is the total mass. Additional parameters364

enter at each of the following PN orders. First, the mass365

ratio, q = m
2

/m
1

 1, and the BH spin components par-366

allel to the orbital angular momentum vector L affect the367
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The final black hole



Deviation of Post-Newtonian coefficients 
from GR expectations ? 

q  Post Newtonian formalism	

q  Phase of the inspiral waveform -> power series in 	

q  Nominal value predicted by GR	

q  Allow variation of the coefficients 	

w  -> Is the resulting waveform 
consistent with data ? 

	

q  Find no evidence 
for violations of GR

90% ULs on relative deviations
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Upper bound  
on the graviton mass

q  If 	

q  ó gravitational waves have a modified dispersion relation	

q  Findings : at 90 % confidence, 	

 

or equivalently  

14

109 1010 1011 1012 1013 1014 1015 1016 1017

�g (km)

0.0

0.2

0.4

0.6

0.8

1.0

pr
ob

ab
ili

ty J0
73

7-
30

39

So
la

rS
ys

te
m

G
W

15
09

14
90

%
ex

cl
us

io
n

re
gi

on

FIG. 8. Cumulative posterior probability distribution for �g (black
curve) and exclusion regions for the graviton Compton wavelength
�g from GW150914. The shaded areas show exclusion regions from
the double pulsar observations (turquoise), the static Solar System
bound (orange) and the 90% (crimson) region from GW150914.

like GW150914.875

Outlook. The serendipitous observation of GW150914876

has given us the opportunity to perform quantitative tests877

of the genuinely strong-field dynamics of GR. We investi-878

gated the nature of GW150914 by performing a series of879

null tests devised to detect inconsistencies in the predictions880

of GR. With the exception of the graviton Compton wave-881

length, we did not perform any study aimed at constraining882

parameters that might arise from specific alternative theories883

to GR [13, 14, 69], such as Einstein-æther theory [89] and dy-884

namical Chern–Simons [90], or from compact-object binaries885

composed of exotic objects such as boson stars [91] or gravas-886

tars [92]. Studies of this kind are not possible yet, since we887

lack predictions for what the inspiral-merger-ringdown GW888

signal should look like in those cases. We hope that the ob-889

servation of GW150914 will boost the development of such890

models in the near future.891

Whilst extraordinary in essence, if taken at face value,892

the constraints that the GW150914 provide are fairly loose,893

especially from the inspiral regime. A much higher SNR894

and longer waveforms are necessary for more stringent tests.895

However, it is not clear up to which SNR our parameterized896

waveform models are still a faithful representation of solu-897

tions of Einstein’s equations. Furthermore, to extract physi-898

cal e↵ects we need waveform models that are parameterized899

in terms of those physical e↵ects. We hope that, following900

GW150914, further e↵orts will be made to develop reliable,901

physical and computationally fast waveform models. Alter-902

natively, more stringent bounds can be obtained by combin-903

ing results from multiple GW observations [51, 67, 68, 78].904

Given the rate of coalescence of binary black holes as inferred905

in Ref. [93], we are looking forward to the upcoming joint ob-906

serving runs of LIGO and Virgo, which should be rich in GW907

events.908

The detection of GW150914 ushers in a new era in the field909

of experimental tests of GR with another success: within the910

limits set by our sensitivity, all the tests we have performed911

provided no evidence against the predictions of GR.912
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