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Discovery: GW150914

Whitened and band-passed [40-300] Hz

Reconstructed
(no whitening)

Audio:
• filtered data
• freq-shifted data
• reconstructed & shifted
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LIGO’s FIRST “discovery”:
the BIG DOG
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Blind injections

§ We have an event! Nobel Prize!! Stay up all night elevating the event!
§ Nah, it’s probably a blind injection – kill the event, get some sleep.
§ So, what’ll it be? Nobel prize, or a good night’s sleep?
§ Argh!!! Confirmation bias!
§ This was the genius of the fake signal injection: Whatever the prior belief 

of an individual scientist might be, it gave him or her reason to doubt it.
4



We wrote a paper …
(Observation / evidence / discovery ...)
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When Jay Marx opened his envelope in the LIGO Collab meeting in 2011 
and told us all that the Big Dog was a Big Fake, 
and that we had just completed the first successful discovery fire drill in 
gravitational wave observation history, 
we still treated it as a moment of celebration. 
We raised glasses of champagne, and toasted our 
fake success (insert appropriate emoji, if one exists).
The success: our collaboration had agreed for the first time what standards 
we’d use, and how we’d minimize our biases. 
For the first time, we had decided what we need to have enough evidence 
for a detection and a great discovery. 6

The envelope



Documenting the emotional stress
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http://nautil.us/issue/42/fakes/the-cosmologists-who-faked-it



Was GW150914 a blind injection?
Fast forward to September 14, 2015:
§ We remembered the Big Dog saga, September 16, 2010. But …
§ We were told: “there was no blind injection team convened for Advanced LIGO, 

and this wasn’t a blind injection.”
§ In our electronic logbook: “There were NO Transient Injections during G184098 

Candidate Event.” (award for best e-log entry of the year.)
§ Still, we doubted this. We asked to look at the blind injection data channel. 

The response: “Go right ahead.” We looked and found nothing. 
§ Was GW150914 a blind injection?

» Check the not-so-secret blind injection channel. Nothing.
» A double-blind injection? Check the secret blind injection channel.

– There was no secret blind injection channel.
» A rogue injection, by a disaffected ex-employee? How to hide the evidence?

– We couldn’t figure out how to do it ourselves!
» An evil genius?

– Smarter than us!? 8



Blind analyses in LIGO GW searches

Discovery based on one event…?
§ Rare in discovery physics 
§ cf discovery of the Ω" at BNL in 1964, 
§ or 25 neutrinos from SN1987a
§ Contrast with Higgs, 5𝜎 peak in 𝑚%%

above a large but smooth background

GW150914 was ONE event on top of an 
estimated background of 
< 10-7 events (upper limit). 

§ We must minimize confirmation bias in 
establishing this number!
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CDMS open box, 2007
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The Advanced LIGO detectorsLIGO-P150914-v13
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the detector
plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening the
other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector records
these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for most
other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset a: Location and orientation
of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset b: The instrument noise for each detector near the time
of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain amplitude.
The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at lower
frequencies [48]. Narrowband features include calibration lines (33 – 38 Hz, 330 Hz, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

Thermal noise is minimized by using low-mechanical-loss
materials in the test masses and their suspensions: the test
masses are 40-kg fused silica substrates with low-loss di-
electric optical coatings [59, 60], and are suspended with
fused silica fibers from the stage above [61].

To minimize additional noise sources, all components
other than the laser source are mounted on vibration iso-
lation stages in ultra-high vacuum. To reduce optical phase
fluctuations caused by Rayleigh scattering, the pressure in
the 1.2-m diameter tubes containing the arm-cavity beams
is maintained below 1µPa.

Servo controls are used to hold the arm cavities on res-
onance [62] and maintain proper alignment of the opti-
cal components [63]. The detector output is calibrated in
strain by measuring its response to test mass motion in-
duced by photon pressure from a modulated calibration
laser beam [64]. The calibration is established to an uncer-
tainty (1�) of less than 10% in amplitude and 10 degrees
in phase, and is continuously monitored with calibration

laser excitations at selected frequencies. Two alternative
methods are used to validate the absolute calibration, one
referenced to the main laser wavelength and the other to a
radio-frequency oscillator [65]. Additionally, the detector
response to gravitational waves is tested by injecting simu-
lated waveforms with the calibration laser.

To monitor environmental disturbances and their influ-
ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, AC-power line monitors, and a cosmic-ray detec-
tor [66]. Another ⇠ 105 channels record the interferome-
ter’s operating point and the state of the control systems.
Data collection is synchronized to Global Positioning Sys-
tem (GPS) time to better than 10µs [67]. Timing accuracy
is verified with an atomic clock and a secondary GPS re-
ceiver at each observatory site.
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Abbott, et al., LVC,Phys. Rev. X 6, 041015 (2016)
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The big issue:
non-Gaussianity and non-stationarity 

of detector data
§ Detector mis-behaviors could produce glitches 

that can be mistaken for an astrophysical signal 
(non-Gaussianity).

§ Detector mis-behaviors change as we work to 
improve sensitivity … on ~ hour timescales!
(non-stationarity)
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Classify LIGO glitches, 
and train a machine-learning algorithm!
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https://www.zooniverse.org/projects/zooniverse/gravity-spy



Which is the real event?
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It’s very hard to imagine how detector glitches could fake a signal like this!
But … sometimes it’s hard to tell ...



Matched Filtering
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Template-based searches
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A Search for Gravitational Waves from Compact Binary Coalescences in 33 Days of1

Advanced LIGO Data Associated with GW1509142

The LIGO Collaboration and The Virgo Collaboration3

(Dated: 15 January 2016)4

Advanced LIGO made the first observation (GW150914) of gravitational waves from the coales-
cence of two black holes on September 14, 2015. In this paper, we describe two modeled search
pipelines for observing gravitational wave signals emitted from compact binary coalescence. These
pipelines were used to analyze the first 33 days of Advanced LIGO’s first observational run (O1),
during which this event occurred. We present results from these analyses as pertains to our inter-
pretation of GW150914 as a gravitational wave signal, and describe additional tests conducted to
validate these results. Additionally, we discuss the second most significant event found by these
search pipelines during this time; this event is also consistent with a binary black hole merger, but
is not significant enough to confidently rule out that it is due to instrumental noise. The full results
of the analysis of these data, as well as analysis of the remaining O1 observations, will be presented
in a future publication.

I. INTRODUCTION5

On September 14, 2015, the Advanced LIGO (aLIGO)6

gravitational wave detectors [1] in Hanford, Washing-7

ton and Livingston, Louisiana observed a loud gravita-8

tional wave signal [2]. The event, designated GW150914,9

was initially identified by a low-latency transient gravita-10

tional wave search [3], which makes minimal assumptions11

about the signal morphology. The later interpretation12

of GW150914 as a binary black hole (BBH) merger was13

achieved with two modelled detection pipelines, which we14

report on here.15

Our analyses were performed on data collected be-16

tween 00:00 UTC on September 12, 2015 and 13:30 UTC17

on October 20, 2015. These data constitute the most18

sensitive data taken by gravitational wave observatories19

to date. The expected signal rate in this short 33 days of20

data exceeds that surveyed in 158 days of the final initial21

LIGO observations by an order of magnitude. The first22

aLIGO observing run continued until January 12, 2016.23

Results from the full observing run will be reported in a24

subsequent publication.25

We searched these data for gravitational wave (GW)26

signals from compact binary coalescence using two de-27

tection pipelines : pycbc [4–6] and gstlal [7, 8]. The28

pycbc pipeline is fundamentally the same as that used29

to search for gravitational waves from compact binaries30

in Initial LIGO’s Sixth Science Run and Virgo’s Science31

Runs 2 and 3 [9, 10], with the improvements described32

in Ref. [6]. The gstlal pipeline complements the pycbc33

pipeline with a collection of novel algorithms that pro-34

vide for a tunable search latency [7]. We describe these35

pipelines in Sec. IV.36

Both pipelines filtered the data using a common bank37

of template waveforms. The template bank covers com-38

pact object binaries with component masses m1, m2 �39

1 M� and total mass M = m1 + m2  100 M�, as40

shown in Fig. 1, which includes binary neutron star41

(BNS), neutron star–black hole binary (NSBH), and stel-42

lar mass binary black hole (BBH) sources. The tem-43

FIG. 1. Sensitive distance as a function of the component
masses for a fiducial single detector SNR of 8. Sources are
assumed to be non-spinning; for sources with both spins set
to 0.99 (�0.99) distances are increased (reduced) by a factor
of 3 or less. The masses of the template producing the loudest
response to GW150914 are indicated with a star. Masses and
distances are given in the observer frame.

plate waveforms also include the e↵ects of component44

spin angular momentum S aligned with the direction of45

orbital angular momentum. For components with mass46

mi � 2 M�, we allow dimensionless spins �i ⌘ cSi/Gm2
i47

up to |�i|  0.99; for lower mass components, we restrict48

the spins to |�i|  0.05. We describe the construction49

and verification of the filter bank in Sec. II. In Fig. 1, we50

illustrate the expected astrophysical reach of the search51

as a function of mass, using the average noise curve of52

the two instruments during the observation time.53

Both analysis pipelines observed the same two loud-54

est events, which are discussed in Sec. V and summa-55

rized in Tbl. I. The loudest event in each pipeline is56

GW150914, which is significantly louder than all mea-57

sured background events. The probability of GW15091558

being due to noise is less than 2 ⇥ 10�7, as measured59

Masses and (aligned) spins
Templates spaced for < 3%
loss of SNR: 250K templates.

BNS

BBH

NSBH

GW150914

Sensitive distance in Mpc

> 900 Mpc

https://dcc.ligo.org/LIGO-P1500269/public/main 16Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, accepted in Phys. Rev. X 



Ranking the detection candidates
§ Detector noise is of limited “loudness” (SNR)
§ Rank events by loudness
§ claim detection if an event is louder than the noise
§ The challenge is to estimate the background under a loud event,

if it is << 1 event
§ Our most powerful tool: multi-detector coincidence

» In the first Advanced LIGO observing run 
(O1, Sep 2015 – Jan 2016) we had two detectors: H1 and L1

» Require coincidence in time (within light-travel time (±10 ms) 
and waveform model timing error ±2 ms) 

§ Background estimated from time slides (“anti-coincidence”), which can’t 
come from real GWs

17

LIGO	H1
LIGO	L1
time	--->



Candidate event trigger 
SNR distribution

§ SNR 𝜌~1/distance
§ Gaussian core: 

dN/dρ ~ exp(-ρ2/2) 
§ Non-Gaussian tail
§ Long tail, vetoed

§ The tail does not go on forever!
§ Signal rate from cosmic events 

with uniform density in sensitive 
volume: dN/dρ ~ C / ρ4

§ For high enough SNR, signal 
must dominate over noise!

18



Removing detector 
misbehavior “blindly”

§ Must veto non-Gaussian instrumental glitches, without bias
§ How do we know that a glitch isn’t a GW signal?
§ Are most powerful tool – coincidence.
§ Assumed uncorrelated between detectors –

“anti-coincidence” time-slides can’t be GW signals.

19

§ We use these time-slide triggers to identify glitches in 
the strain data,

§ and then look for correlations with data from our 
hundreds of physical environment monitoring sensors 
(seismometers, accelerometers, microphones, RFI 
monitors, voltage monitors, …)

§ and thousands of interferometric detector monitoring 
data channels (everything but the strain data channel).

§ From all of this, we define and veto times with clear 
(witnessed), or not so clear, detector misbehavior,

§ without ever looking at the coincident event triggers 
(closed box).



Removing detector 
misbehavior “blindly”

§ Assumed uncorrelated between detectors –
“anti-coincidence” time-slides can’t be GW signals.

§ But … correlated glitches between detectors 3000 km apart:
» Lightening storms – we monitor them, they don’t produce glitches in the detector, 

and they don’t look like signals in EM/RF detectors on site
» Schumann resonances (global geomagnetic field)
» GPS-based timing system – these can produce instrumental spectral lines!

§ We have found no evidence for correlated transient noise 
between H1 and L1, and are convinced that this could not be 
responsible for our detected events.

20

Lightning over India Comb at n*1.000 Hz



p-value vs. p-astro
§ Our job is to convince ourselves, and you, that (free of bias) the event we see is 

not consistent with background from environmental or instrumental misbehavior.
§ If the probability that an event is consistent with background (p-value, or False 

Alarm Probability FAP) is sufficiently small, you might conclude that it must be a 
real GW signal.

§ But… what if GR is wrong, and GWs don’t exist (and we’ve been fooled by the 
Hulse-Taylor binary)?

§ Then, no matter how small the p-value, the event is background, with certainty!
§ We need to quantify the prior on the existence, and rate, of GWs from the 

sources that we are considering.
§ Until we can estimate the rate (ideally, through direct observation), 

we don’t know the probability that the event is astrophysical.
§ We’ve got a chicken-and-egg problem.
§ Fortunately, that’s only true for the first event. One event gives us an estimate 

on the prior, which we can use to compute p-astro for the 2nd event, and so on.

21



Opening the box: Search results
Advanced LIGO Observing Run O1

https://arxiv.org/abs/1606.04856 (Accepted by Phys. Rev X)

LVT151012

22Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, accepted in Phys. Rev. X 

§ Tune analysis pipeline and data quality vetoes “blindly”, using time-slid data to estimate the background, 
and software injections for the signal.

§ All tuning finalized before “opening the box” on in-time coincident triggers.
§ We find three events above estimated “background” from accidental coincidence of noise triggers.
§ Two have high significance (> 5σ).



The “little dogs”

§ Background estimation makes use of data that include signals!
§ Time-slides don’t eliminate this possibility
§ We assume that the signal population is much smaller than the noise 

trigger population; single-detector triggers are overwhelmingly noise
§ But for a loud event like GW150914, the loudest single-detector 

triggers, and the loudest time-slide coincident triggers, 
are associated with the event.

§ And we know which ones they are! So we can remove them.
§ But should we? Removing them is an un-blinding bias, and a 

particularly dangerous one.
§ But leaving them in is crazy, no?

23



To kill the “little dogs”, or not?
§ But leaving them in is crazy, no?
§ There is no right answer to this question (that I know of).
§ All we can do is “bracket” the true best background estimate: leave in 

the little dogs, or take them out.
§ Can be repeated hierarchically
§ First observation: Is it signal or is it background? 

§ This is a deep problem in discovery physics!

24

First observation is a discovery! 😍
Second observation is a confirmation 😛. 
Third observation is a distribution 🙄. 
Fourth observation is a calibration😒. 
Fifth observation is background 😠



Accumulating sufficient statistics 
for background estimation

§ To get enough statistics in time-slides to call one event a 5σ 
detection, we need ~ 107 trials for each observation.

§ We require time-coincidence within ~ 0.01 s, but a 0.01 s time-slide 
is too short, because our waveforms have significant auto-correlation 
out to 0.1 s. We dare not time-slide any shorter than that.

§ In 10 days of double-coincident observing, we have roughly 107 un-
correlated double-coincidence trials, and (107)2 time slides.

§ We dare not go longer, because the detector noise is non-stationary
and can change noticeably (especially for the loudest glitches) 
over ~10 days.

§ So… we have to wait for 10 days to collect enough noise triggers to 
estimate the background for a loud event to claim 5σ detection, 
(FAP < 10-7, FAR < 1/200,000 yrs),  before opening the box.

§ Can we wait that long?     Well, yes and NO!
25



Multi-messenger Astronomy 
with Gravitational Waves

26
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Low-latency identification of 
transients for rapid (< ~100s) followup

27

EM counterparts to GW sources (if any) are short-lived and faint



Are we really doing 
a blind analysis?

§ Can we “open the box” at low latency (to alert our EM partners), then close it 
again for 10 days, then open it again, and claim that we are doing a proper 
blind analysis?

§ Can we automate the data quality procedures to make them “blind” to 
anything we see at low latency?

§ Well, we can try. But data quality investigations often lead to new kinds of 
detector misbehavior that must be dealt with before opening the box again.

§ In the end, a purist would conclude that we are not really conducting a true 
blind analysis.

§ In our case, discovery science means not only discovering new signals, 
but also discovering new backgrounds (detector misbehavior).

§ In some sense, our (engineered) detectors may be more complicated to 
understand than binary black hole mergers 🤔

§ They are the “evil genius” that could fool us!

28



How to get it wrong: 
high mass binary black holes, 

higher order modes

29

High mass BBH template

Excess power 
above fringdown



How to get it wrong: 
echoes from the abyss

§ When is a BH not a BH?
§ Planck-scale departures from GR 

(firewalls, fuzzballs, gravastars) near the 
putative BH horizons can lead to “echoes”.

§ repeating damped echoes with 
time-delays of 8M logM

§ Abedi, Dykaar, and Afshordi, 
arXiv:1612.00266v1

§ “… we find tentative evidence for 
Planck-scale structure near black hole 
horizons at 2.9σ significance level”

§ But… if you look for ringdowns in LIGO 
strain noise, you will find it everywhere

§ (They used 32s of data around 
GW150914 to estimate the background). 30



GW sources for LIGO:
The most energetic processes 

in the universe

Casey Reed, Penn State 

Credit: AEI, CCT, LSU

Coalescing 
Compact Binary 
Systems: 
Neutron Star-NS, 
Black Hole-NS, 
BH-BH

- Strong emitters, 
well-modeled, 

- (effectively) 
transient

Credit: Chandra X-ray 
Observatory 

Asymmetric Core 
Collapse 
Supernovae

- Weak emitters, 
not well-modeled 
(‘bursts’), transient 

- Cosmic strings, 
soft gamma 
repeaters, pulsar 
glitches also in 
‘burst’ class 

NASA/WMAP Science Team 

Cosmic Gravitational-
wave Background
- Residue of the Big 
Bang, long duration
- Long duration,  
stochastic background

Spinning neutron 
stars
- (effectively) 
monotonic waveform
- Long duration
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“Unmodeled” Transient 
GWs (Bursts)

§ From, eg, Galactic CCSNe, magnetar flares/starquakes, …
§ Short duration, potentially broad-band; … unknown!
§ A starquake might produce a narrow-band “ringdown” waveform. It is 

very easy to find ringdowns in aLIGO detector noise!
§ Outliers from a “blind” search pipeline are scrutinized by hand for any 

evidence of instrumental misbehavior. Very hard to automate in a 
blind way.

§ Coincidence with similar morphology is our most powerful tool.
§ But… we cannot claim to be doing a truly blind search.

33



GW Burst candidate event from 2003

§ Initial LIGO’s second Science Run (S2) from Feb 14 - Apr 14, 2003
§ We prepared a rigorously blind analysis pipeline / procedure for 

identifying GW burst candidates, 
§ with a pre-defined threshold on signal significance, based on excess 

power in the t-f plane,
§ set to a false alarm probability (p-value) of 0.05.
§ Much care went into data quality vetoes and methods to suppress 

detector noise glitches, understanding detector performance and 
misbehaviors from single-detector triggers and time slides.

§ One event appeared in the open box, at triple coincidence (H1, H2, 
L1; with H1 and H2 co-located in the same vacuum envelope).

34



Loudest event in S2 burst search, 
triple coincidence
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The Airplane Event
§ It was rapidly identified as acoustic noise from a low-flying propeller plane over 

Hanford, somehow getting into the strain channels of both H1 and H2, 
accidentally coincident with a small upward fluctuation in noise in L1. 

§ Could hear the plane in microphones throughout the site; 
easy to veto post-facto.

§ Why did we not have a veto in place already? 
Private planes are not allowed to fly over Hanford! The pilot was lost!

§ Discussion of whether to exclude or include the candidate event in computation 
of upper limits spurred a protracted “religious war” between blind analysis 
statistical purists, and people who thought (post-factor) that it was too 
premature to apply strict blinding, 

§ including all the instrument scientists who invented, designed, built, optimized 
and operated the detectors, who thought the analysists were crazy people. 

§ Subsequent runs: more careful acoustic vetoes; optical sensing systems in 
acoustically-shielded “meat-lockers”. IN Advanced LIGO, they are in vacuum 
on seismic isolation platforms.
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Continuous GWs from 
spinning neutron stars (pulsars)

§ These are not events in time, they are “events” in frequency (spectral lines).
§ They are expected to be very weak, visible only after long FFTs and 

averaging over months of data.
§ They are Doppler modulated with sidereal and annual periods, which must be 

corrected for.
§ LIGO detectors have lots of spectral lines from terrestrial (instrumental and 

environmental) sources.
§ Many are strong, and don’t have the unique sidereal modulation.
§ Many are weak (combs), and/or do have solar-day and annual modulation.
§ Outliers from a “blind” search are scrutinized by hand; we cannot claim to be 

doing a blind analysis.
§ “When in doubt, take more data!”
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Take-home message

§ Discovery science is tricky!
§ Doing an un-blinded search carries much opportunity for subtle biases 

– dangerous!
§ It really helps to have a very well-defined model of the signal being 

searched for,
§ and a really well-understood detector,
§ and redundancy (coincidence between multiple detectors),
§ and a really robust estimate of the background,
§ and hope that you can really tell the difference between signal and 

background reliably and robustly, even before opening the box.
§ Discovery science often doesn’t come so simply …
§ So it can happen that doing a truly blind analysis is dangerous!
§ And … beware the evil genius!
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