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Content of the next few lectures

• Patrick, Lecture 1 (now): Basic principles behind gravitational-wave astronomy
– GW emission & the quadrupole approximation
– Main source types and how we search for them
– Detector networks: detection confidence & sky localization

• Erik, Lectures 1 & 2 (today, tomorrow): Science results to date from LIGO-Virgo

• Patrick, Lecture 2 (Fri): Future science 
– LIGO, Virgo, KAGRA & LIGO-India
– Cosmic Explorer & the Einstein Telescope
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GWs in Linearized Gravity
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Abstract. Einstein’s special theory of relativity revolutionized physics by
teaching us that space and time are not separate entities, but join as ‘spacetime’.
His general theory of relativity further taught us that spacetime is not just a
stage on which dynamics takes place, but is a participant: the field equation
of general relativity connects matter dynamics to the curvature of spacetime.
Curvature is responsible for gravity, carrying us beyond the Newtonian conception
of gravity that had been in place for the previous two and a half centuries. Much
research in gravitation since then has explored and clarified the consequences of
this revolution; the notion of dynamical spacetime is now firmly established in
the toolkit of modern physics. Indeed, this notion is so well established that we
may now contemplate using spacetime as a tool for other sciences. One aspect
of dynamical spacetime—its radiative character, ‘gravitational radiation’—will
inaugurate entirely new techniques for observing violent astrophysical processes.
Over the next 100 years, much of this subject’s excitement will come from learning
how to exploit spacetime as a tool for astronomy. This paper is intended as a
tutorial in the basics of gravitational radiation physics.
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• Concrete treatment based on linearized perturbations 
around a fixed background metric in general relativity.  

• Perturbation obeys a wave equation.  E.g., in flat 
space:

• Solution:  2 radiative polarization states (“+” and “x”) 
rotated by 45º 
– Quadrupolar (tidal) fluctuations in geometry
– Travel at speed of light (c)

GWs in Linearized Gravity
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Quadrupole Approximation

• Sufficient for estimating what we can / can’t detect.
– E.g., supernova simulations typically use this approximation to estimate GW emission.

• Post-Newtonian (PN) expansion goes beyond v << c approximation, numerical 
relativity (NR) goes beyond weak field (Alessandra’s lectures); these are 
needed for accurate estimation of most binary source parameters.
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• Valid for slow moving sources (v << c) with weak gravity (F/c2 << 1).

Newtonian mass-density of sourcetransverse-traceless projection
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Quadrupole Approximation

• Spherical harmonics: only the l = |m| = 2 emission mode is non-zero.
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l = |m| = 2



Quadrupole Approximation

• Spherical harmonics: only the l = |m| = 2 emission mode is non-zero.
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credit: Wikipedia (Inigo.quilez)

• Higher-mode (l>2) 
emission is only 
detectable from a 
small fraction of 
sources.
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May allow to break the inclination-
distance degeneracy 
• C. Cutler & E. Flanagan, PRD49, 2658 (1994);           

S. Usman et al., ApJ, 877 82 (2019)
• vital for H0 measurements

Abbott et al. PRL116 241102 (2016)

GW150914: 
distance vs.
inclination
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May allow to break the inclination-
distance degeneracy 
• C. Cutler & E. Flanagan, PRD49, 2658 (1994);           

S. Usman et al., ApJ, 877 82 (2019)
• vital for H0 measurements

B. P. Abbott et al., Nature 551, 85 (2017)
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Quadrupole Approximation

• Spherical harmonics: only the l = |m| = 2 emission mode is non-zero.
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credit: Wikipedia (Inigo.quilez)

• Purely spherically 
symmetric motion = 
zero GW emission in 
full GR  too (“Birkhoff
theorem”). 
– Bad news for, e.g., 

supernovae.
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Detectable Sources
Source
• Rotating quadrupole:

• LIGO/Virgo sensitive band ~30-3000 Hz 
implies maximum size of source:

Detector

09 Oct 2020 RAS - Transients & the Rubin Observatory 12

non-sphericity

mass
size

distance

frequency

Kepler

Abbott et al. 1304.0670 
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Small and Dark

• High mass, small radius: sources are very high density
– Tend to see the cores of objects (e.g. supernova inner 

cores), rather than the surface as in EM astronomy

• Prime sources are compact objects: NSs, BHs, and 
proto-NS cores
– WD binaries are out of band (too low frequency)
– GW170817 @ 40 Mpc: h < 3x10-22 at Earth

• LIGO/Virgo see the corpses of high-mass stars.
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Binary Neutron Star
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STARS



MAIN GW SOURCE TYPES
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GW150914 – the first BH-BH merger
Abbott et al. PRL 116 061102 

Approximate Masses: 
36 M¤ + 29 M¤

Energy emitted: 
3 M¤ c2

Peak luminosity: 
200 M¤ c2/s 
(3.6 x 1056 erg/s) 

Compact Binaries Coalescences (CBCs)

• Inspiral, merger, and 
ringdown of binaries of 
black holes and/or 
neutron stars
– signals modelled 

accurately by PN+NR 
(Alessandra’s lectures).

– matched filter on short 
stretches of data [O(102) 
sec].
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LIGO Hanford Observatory

The Challenge:        
GW150914 stretched LIGO’s 
arms by one part in 1021…



LIGO Hanford Observatory

start: 4 km,   zoom factor = 1



zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
=  1,000,000,000,000,000,000,000  =  1021



M. Heyde, www.mpg.de/8239438/silicate-films-glass

zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
=  1,000,000,000,000,000,000,000  =  1021



zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
=  1,000,000,000,000,000,000,000  =  1021



zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
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zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
=  1,000,000,000,000,000,000,000  =  1021



zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
=  1,000,000,000,000,000,000,000  =  1021



zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  = 1019



zoom factor:  10,000  x  100,000,000  x  100  x  10,000  x  10  x  100 
=  1021



BBH Mergers: Nature’s Biggest Explosions

GW150414 peak luminosity:   3.6 x 1056 erg/s
All stars in observable Universe:     ~ 1055 erg/s

At peak emission, GW150914 emitted more 
power than all the stars in the observable 

Universe.



Continuous Waves (Pulsars)

• Rotating non-axisymmetric 
neutron stars
– signals modelled accurately as 

spinning quadrupole with assumed 
frequency & spindown rate (sine 
wave with slowly decreasing 
frequency).

– matched filter on long stretches of 
data [O(1) year ideally; O(103) sec in 
practice].
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Gravitational-Wave Bursts

• Unmodelled transient signals:
– from unknown/poorly modelled 

transient sources, eg supernovae, 
accretion disk instabilities, neutron-
star transients.

– excess power correlated between 
detectors on millisec-sec timescales
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Stochastic Gravitational-Wave Background

• Random signal due to 
superposition of many weak 
unresolved binary/other 
sources (astrophysical) or from 
early universe (cosmological)
– cross-correlate pairs of detectors 

on short (<1 sec) timescales.
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All-sky BBR Results
Max SNR (% p-value) Upper limit ranges (10�8)

↵ ⌦GW H(f) HL(O3) HV(O3) LV(O3) O1+O2+O3 (HLV) O1+O2+O3 (HLV) O1 + O2 (HL)
0 constant / f

�3 2.3 (66) 3.4 (24) 3.1 (51) 2.6 (23) 1.7 – 7.6 4.4 – 21
2/3 / f

2/3 / f
�7/3 2.5 (59) 3.7 (14) 3.1 (62) 2.7 (24) 0.85 – 4.1 2.3 – 12

3 / f
3 constant 3.7 (32) 3.6 (47) 4.1 (12) 3.6 (20) 0.013 – 0.11 0.046 – 0.32

TABLE I. The maximum SNR across all sky positions, its estimated p-value, and the range of the 95% upper limits on
gravitational-wave energy flux F↵,⇥ [erg cm�2 s�1 Hz�1] set by the BBR search for each baseline and for the three baselines
combined using data from three LIGO observing runs and Virgo O3. The median improvement across the sky compared to
limits from O2 analysis is a factor of 3.3 - 3.5, depending on ↵. O1+O2 upper limits reported in the last column di↵er from
the upper limits reported in [55] for the reasons explained in the main text.

↵ = 0 ↵ = 2/3 ↵ = 3

SNR

UL

FIG. 2. Top row: SNR maps from a BBR search for pointlike sources. Bottom row: upper limit (UL) sky maps of the
gravitational-wave energy flux. Both sets of maps, presented in equatorial coordinate system, are derived by combining all
three LIGO observing runs and the Virgo O3 data. ↵ = 0, 2/3, and 3 are represented from left to right.

Additionally, in Fig. 4 we present the upper limits on

C
1/2
` at each angular scale ` for di↵erent signal models.

The upper limits are improved by factors of 2.9 � 3.3
with respect to the previous search [55]. In contrast to
⌦GW(⇥), the upper limits on C` are computed by con-
structing the Bayesian posteriors from the Monte Carlo
sampling because the analytic expression for the proba-
bility distribution of C` is not trivial [59]. Similarly, we
marginalize the posteriors over calibration uncertainties.

The impact of the new baselines on the SHD search
may be quantified by monitoring the conditioning of the
Fisher matrix, which is typically defined by the ratio of
the largest to smallest eigenvalue of the matrix. The nor-
malized eigenvalues of �µ⌫ for the single LIGO baseline
(HL) and for the three-baseline configuration (HLV) are
compared in Fig. 5. The additional baselines have not
had a significant e↵ect on the eigenvalue distribution,
particularly at ↵ = 0 and ↵ = 2/3, and hence we main-

tain the traditional regularization method of removing
the lowest 1/3 of the eigenvalues [59]. We expect that
this is because the sensitivity of the Virgo detector is not
yet comparable to that of its LIGO counterparts. How-
ever, the new network has improved in the ↵ = 3 case,
where the smallest eigenvalue has increased by about two
orders of magnitude. As the overall network sensitivity
improves, the Fisher matrix will naturally regularize and
higher modes will potentially be included in the recon-
struction, enabling access to a higher resolution in the
SHD search. This is in line with the projected results for
multibaseline networks presented in Ref. [77].

Below we consider the implications of our results for
di↵erent astrophysical models. For ↵ = 2/3, the upper

limit found here for the corresponding ` modes is C1/2
` <

1.9⇥10�9 sr�1, whereas theoretical studies [37, 43, 49] set

C
1/2
` ⇠ 10�12 sr�1 for 1  `  4, assuming the normal-

ized gravitational-wave energy density due to an isotropic

B. P. Abbott et al., Phys. Rev. D 104, 022005 (2021)



GW DETECTOR NETWORKS
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Astrophysics with GWs vs. EM

ElectroMagnetic waves Gravitational Waves
Accelerating charge Accelerating aspherical mass

Wavelength small compared to 
sources è images

Wavelength large compared to 
sources è no spatial resolution

Absorbed, scattered, 
dispersed by matter

Very small interaction; 
matter is transparent

10 MHz and up 10 kHz and down

• GW detectors are all-sky, low bandwidth.
– low latency & archival searches: easy.
– source localization: hard.

• Complementary to EM observatories



GW Detectors: Interferometers
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Single Detector Case
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LIGO Livingston RMS response over the sky
(> 0.5 maximum over 65% of the sky)

A single detector 
observes most of 
the sky …

For a detector having its arms aligned with the coordinate
axes at the center of the earth, we find

F!"# 1
2 !1!cos2 "# cos 2$ cos 2% #cos " sin 2$ sin 2%

!B9#

F$"! 1
2 !1!cos2 "# cos 2$ sin 2%#cos " sin 2$ cos 2% .

!B10#

Finally, the response D of the various detectors around the
world can be determined using the latitude North & , longi-
tude East ' , and arm orientations (%x ,y ,(x ,y) where %x ,y are
the azimuths !North of East# of the x and y arms and (x ,y are
the tilts of the x and y arms above the horizontal defined by
the WGS-84 earth model )44*. This model is an oblate ellip-
soid with semi-major axis a"6 378 137 m and semi-minor
axis b"6 356 752.314 m. The position x"x i!y j!z k of a
detector at a given latitude & , longitude ' , and elevation h
above !normal to# the surface is given by

x")R!&#!h*cos& cos ' !B11#

y")R!&#!h*cos& sin ' !B12#

z")!b2/a2#R!&#!h*sin& !B13#

where R(&)"a2(a2 cos&!b2 sin&)#1/2 is the local radius of
the earth. At this position, the unit vectors pointing East,
North, and Up are

e'"#sin 'i!cos 'j !B14#

e&"#sin& cos 'i#sin& sin 'j!cos&k !B15#

eh"cos& cos 'i!cos& sin 'j!sin&k !B16#

respectively. The unit vector along the x arm is then given by

nx"cos(x cos%x e'!cos(x sin%x e&!sin(x eh
!B17#

and similarly for the y arm. For completeness, we list these
vectors nx and ny for each of the interferometers in Table I.
For the two LIGO interferometers, these vectors are provided
in )44*. For the other interferometers we used the values in
)45* !with tilt angles ("0), or the values given in Ref. )46*
!with elevations h"0 and tilt angles ("0).
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Single Detector Case

bottom: GW190425 (1-ifo BNS)
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sky coverage

B. P. Abbott et al., ApJL892:L3 (2020)

… but can’t tell 
where a signal is 
coming from.

GW190425, observed clearly only by LIGO-Livingston



Single-Detector Observations are vulnerable to NoiseS. Bahaadini et al. / Information Sciences 4 4 4 (2018) 172–186 179 

Fig. 2. Omega Scan images for example members of each class within the Gravity Spy dataset. From top left to bottom right; row one: 1080Lines, 1400Rip- 
ples, Air Compressor, Blip, row two: Chirp, Extremely Loud, Helix, Koi Fish, row three: Light Modulation, Low Frequency Burst, Low Frequency Lines, No 
Glitch, row four: Paired Doves, Power Line, Repeating Blips, Scattered Light, row five: Scratchy, Tomte, Violin Mode, Wandering Line, row six: Whistle, None 
of the Above (one possible example, this class can have various forms). 

Table 2 
Overall accuracy of linear SVM. Parameter C = 0.1 (obtained by 
grid search and n -fold cross validation). 

View 1 (0.5 s) View 2 (1 s) View 3 (2 s) View 4 (4 s) 
93.93 96.19 95.88 93.16 
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S. Bahaadini et al., Information Sciences 444 (2018) 172–186 

Air Compressor Blip

Helix Koi Fish

LIGO, Virgo, and 
KAGRA data contain 
non-Gaussian 
background noise 
fluctuations:  
``glitches’’
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Only Complex Signals are Detectable by 1 IFO
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S. Bahaadini et al. / Information Sciences 4 4 4 (2018) 172–186 179 

Fig. 2. Omega Scan images for example members of each class within the Gravity Spy dataset. From top left to bottom right; row one: 1080Lines, 1400Rip- 
ples, Air Compressor, Blip, row two: Chirp, Extremely Loud, Helix, Koi Fish, row three: Light Modulation, Low Frequency Burst, Low Frequency Lines, No 
Glitch, row four: Paired Doves, Power Line, Repeating Blips, Scattered Light, row five: Scratchy, Tomte, Violin Mode, Wandering Line, row six: Whistle, None 
of the Above (one possible example, this class can have various forms). 

Table 2 
Overall accuracy of linear SVM. Parameter C = 0.1 (obtained by 
grid search and n -fold cross validation). 

View 1 (0.5 s) View 2 (1 s) View 3 (2 s) View 4 (4 s) 
93.93 96.19 95.88 93.16 

BNS

BBH

Air Compressor Blip

Helix Koi Fish



Single-Detector + Source

• Pulsars:  
– yes, “easy”

• CBCs: 
– BNS, with difficulty!
– easier if unambiguous external 

counterpart (e.g. short GRB).
– applies in principle to other 

[complex] well-modelled 
transients.

• Unmodelled Bursts:
– theoretically possible 

with external trigger 
(e.g., EM flare, SNEWS) 
but very difficult
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6

All-sky BBR Results
Max SNR (% p-value) Upper limit ranges (10�8)

↵ ⌦GW H(f) HL(O3) HV(O3) LV(O3) O1+O2+O3 (HLV) O1+O2+O3 (HLV) O1 + O2 (HL)
0 constant / f

�3 2.3 (66) 3.4 (24) 3.1 (51) 2.6 (23) 1.7 – 7.6 4.4 – 21
2/3 / f

2/3 / f
�7/3 2.5 (59) 3.7 (14) 3.1 (62) 2.7 (24) 0.85 – 4.1 2.3 – 12

3 / f
3 constant 3.7 (32) 3.6 (47) 4.1 (12) 3.6 (20) 0.013 – 0.11 0.046 – 0.32

TABLE I. The maximum SNR across all sky positions, its estimated p-value, and the range of the 95% upper limits on
gravitational-wave energy flux F↵,⇥ [erg cm�2 s�1 Hz�1] set by the BBR search for each baseline and for the three baselines
combined using data from three LIGO observing runs and Virgo O3. The median improvement across the sky compared to
limits from O2 analysis is a factor of 3.3 - 3.5, depending on ↵. O1+O2 upper limits reported in the last column di↵er from
the upper limits reported in [55] for the reasons explained in the main text.

↵ = 0 ↵ = 2/3 ↵ = 3

SNR

UL

FIG. 2. Top row: SNR maps from a BBR search for pointlike sources. Bottom row: upper limit (UL) sky maps of the
gravitational-wave energy flux. Both sets of maps, presented in equatorial coordinate system, are derived by combining all
three LIGO observing runs and the Virgo O3 data. ↵ = 0, 2/3, and 3 are represented from left to right.

Additionally, in Fig. 4 we present the upper limits on

C
1/2
` at each angular scale ` for di↵erent signal models.

The upper limits are improved by factors of 2.9 � 3.3
with respect to the previous search [55]. In contrast to
⌦GW(⇥), the upper limits on C` are computed by con-
structing the Bayesian posteriors from the Monte Carlo
sampling because the analytic expression for the proba-
bility distribution of C` is not trivial [59]. Similarly, we
marginalize the posteriors over calibration uncertainties.

The impact of the new baselines on the SHD search
may be quantified by monitoring the conditioning of the
Fisher matrix, which is typically defined by the ratio of
the largest to smallest eigenvalue of the matrix. The nor-
malized eigenvalues of �µ⌫ for the single LIGO baseline
(HL) and for the three-baseline configuration (HLV) are
compared in Fig. 5. The additional baselines have not
had a significant e↵ect on the eigenvalue distribution,
particularly at ↵ = 0 and ↵ = 2/3, and hence we main-

tain the traditional regularization method of removing
the lowest 1/3 of the eigenvalues [59]. We expect that
this is because the sensitivity of the Virgo detector is not
yet comparable to that of its LIGO counterparts. How-
ever, the new network has improved in the ↵ = 3 case,
where the smallest eigenvalue has increased by about two
orders of magnitude. As the overall network sensitivity
improves, the Fisher matrix will naturally regularize and
higher modes will potentially be included in the recon-
struction, enabling access to a higher resolution in the
SHD search. This is in line with the projected results for
multibaseline networks presented in Ref. [77].

Below we consider the implications of our results for
di↵erent astrophysical models. For ↵ = 2/3, the upper

limit found here for the corresponding ` modes is C1/2
` <

1.9⇥10�9 sr�1, whereas theoretical studies [37, 43, 49] set

C
1/2
` ⇠ 10�12 sr�1 for 1  `  4, assuming the normal-

ized gravitational-wave energy density due to an isotropic

• Stochastic Backgrounds: 
– forget about them!



Multiple Detectors
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LIGO Hanford Observatory

+ LIGO-India (c2025+)

LIGO Hanford Observatory (USA)

LIGO Livingston Observatory (USA)

KAGRA Observatory (Japan)

Virgo Observatory (Italy)
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The Global Network c. 2030



The Hard Truth
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Detectors at 2+ sites are vital
• Drastic reduction of background in transient searches (CBCs, bursts):

• Typical practice:
– only require signal seen in at least 2 detectors
– further reduce background rate by c2 matching against template (CBCs) or 

cross-correlation between detectors (bursts).

• Also: 2+ detectors required to make stochastic searches possible.
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Network Sky Coverage
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Network Sky Coverage
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Network Overlap

H L V K I

H 1.00 -0.89 -0.02 0.46 0.32

L 1.00 -0.25 -0.24 -0.55

V 1.00 -0.36 -0.15

K 1.00 0.21

I 1.00
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Coverage in Time
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44%

14%

14%

O3a data duty cycles: 1 April 2019 to 27 March 2020.

typical detector 
uptime:

70% - 75%



Network Signal-to-Noise Ratio (SNR)
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Combine data coherently 
for higher SNR.

– SNRs add in quadrature.

B. P. Abbott et al., PRL119, 141101 (2017)

mirrors are currently suspended with metallic wires. Follow-
ing one year of commissioning, Advanced Virgo joined
LIGO in August 2017 for the last month of the second
observation run.
For Virgo, the noises that are currently limiting the

sensitivity at low frequencies are thermal noise of the test
mass suspension wires, control noise, the 50 Hz mains line
and harmonics, and scattered light driven by seismic noise.
At high frequencies, the largest contribution comes from
shot noise of the main interferometer beam, with smaller
contributions coming from scattered light, and shot noise of
a secondary beam used to control the laser frequency. The
noise sources that limit LIGO’s sensitivity are described in
[24] and [25]. For bothLIGOandVirgo, commissioningwill
continue to reach their ultimate designed sensitivities [26].
Several noise sources that are linearly coupled to the GW

data channel can be subtracted in postprocessing, using
auxiliary sensors (e.g., photodiodes monitoring beam
motion) and coupling transfer functions calculated via
optimal Wiener filters. This technique was used in the
initial detector era [27–29]. For LIGO, we remove cali-
bration lines, power mains and harmonics, the effect of
some length and angular controls, and the effect of laser
beam motion. This noise removal can improve the sensi-
tivity of the LIGO detectors by approximately 20% [30].
For Virgo, we remove the effect of some length controls,
and the laser frequency stabilization control. The search
pipelines described in Sec. III use the calibrated strain data
which were produced in low latency and which have not
undergone postprocessing noise subtraction. They also use
data quality flags which were produced offline. The source
properties, however, described in Sec. V, are inferred using
the postprocessing noise-subtracted data. Figure 2 shows
the sensitivity of the Advanced LIGO–Advanced Virgo
network around the time of GW170814, after the post-
processing removal of several noise sources.
Detection validation procedures at LIGO [2,31], and

checks performed at Virgo found no evidence that instru-
mental or environmental disturbances could account for
GW170814. Tests quantifying the detectors’ susceptibility
to external environmental disturbances, such as electromag-
netic fields [32], indicated that any disturbance strong
enough to account for the signal would be clearly detected
by the array of environmental sensors. None of the envi-
ronmental sensors recorded anydisturbances consistentwith
a signal that evolved in time and frequency like GW170814.
A noise transient with a central frequency around 50 Hz
occurs in the Virgo detector 50 ms after GW170814. This
falls outside thewindow expected due to the light travel time
between the detectors, and has, therefore, no effect on the
interpretation of the GW signal.
LIGO is calibrated by inducing test-mass motion using

photon pressure from modulated auxiliary lasers [33,34],
and Virgo is calibrated using electromagnetic actuators
[35,36]. Frequency-dependent calibration uncertainties
are determined for both LIGO detectors for GW170814

using the method in [37], and used for estimation of the
properties of this event; themaximum 1-σ uncertainty for the
strain data in the frequency range 20–1024 Hz is 7% in
amplitude and 4° in phase. The maximum 1-σ uncertainties
for Virgo are 8% in amplitude and 3° in phase over the same
frequency range. The estimation of properties ofGW170814
use thesemaximumvalues for theVirgo uncertainty over the
whole frequency range. Uncertainties in the time stamping
of the data are 10 μs for LIGO and 20 μs for Virgo, which
does not limit the sky localization.

III. SEARCHES

GW170814 was first identified with high confidence
∼30 s after its arrival by two independent low-latency
matched-filter pipelines [38–44] that filter the data against a
collection of approximate gravitational-wave templates
[45–53], triggering an alert that was shared with partners
for electromagnetic follow-up [54].
The significance estimates for this event were found by

the two matched-filter pipelines, and a fully coherent
unmodeled search pipeline [55], analyzing 5.9 days of
coincident strain data from the Advanced LIGO detectors
spanning August 13, 2017 to August 21, 2017. The
matched-filter pipelines do not currently use data from
Virgo for significance estimates. Coherent searches, how-
ever, use the Virgo data to improve significance estimates.
The analysis was performed over the same source param-

eter space as the GW170104 matched-filter analysis [4] and
with additional data quality information unavailable in low
latency [5,31], although thenoise-subtracteddata described in
Sec. II were not used. Both pipelines identified GW170814
with a Hanford-Livingston network SNR of 15, with ranking
statistic values from the two pipelines corresponding to a

FIG. 2. Amplitude spectral density of strain sensitivity of the
Advanced LIGO–AdvancedVirgo network, estimated using 4096 s
of data around the time ofGW170814.Here, several known linearly
coupled noise sources have been removed from the data.

PRL 119, 141101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

6 OCTOBER 2017

141101-3

LIGO & Virgo at the 
time of GW170814
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onto the three detectors. As an illustration, we perform a
test comparing the tensor-only mode with scalar-only and
vector-only modes. We find that purely tensor polarization
is strongly favored over purely scalar or vector polar-
izations. With this, and additional tests, we find that
GW170814 is consistent with GR.

II. DETECTORS

LIGOoperates two 4 km long detectors in the U.S., one in
Livingston, LA and one in Hanford, WA [14], while Virgo
consists of a single 3 km long detector near Pisa, Italy [15].
Together with GEO600 located near Hanover, Germany
[16], several science runs of the initial-era gravitational-
wave networkwere conducted through 2011. LIGO stopped
observing in 2010 for the Advanced LIGO upgrade [1]. The
Advanced LIGOdetectors have been operational since 2015
[17]. They underwent a series of upgrades between the first
and second observation runs [4], and began observing again
in November 2016.

Virgo stopped observing in 2011 for the Advanced Virgo
upgrade, during which many parts of the detector were
replaced or improved [6]. Among the main changes are an
increase of the finesse of the arm cavities, the use of heavier
test mass mirrors that have lower absorption and better
surface quality [18]. To reduce the impact of the coating
thermal noise [19], the size of the beam in the central part of
the detectorwas doubled,which requiredmodifications of the
vacuum system and the input-output optics [20,21]. The
recycling cavities are kept marginally stable as in the initial
Virgo configuration. The optical benches supporting themain
readout photodiodes have been suspended and put under
vacuum to reduce the impact of scattered light and acoustic
noise. Cryogenic traps have been installed to improve the
vacuum level. The vibration isolation and suspension system,
already compliant with the Advanced Virgo requirement
[22,23], has been further improved to allow for a more robust
control of the last-stage pendulum and the accommodation of
baffles to mitigate the effect of scattered light. The test mass

FIG. 1. The GWevent GW170814 observed by LIGO Hanford, LIGO Livingston, and Virgo. Times are shown from August 14, 2017,
10∶30:43 UTC. Top row: SNR time series produced in low latency and used by the low-latency localization pipeline on August 14, 2017.
The time series were produced by time shifting the best-match template from the online analysis and computing the integrated SNR at
each point in time. The single-detector SNRs in Hanford, Livingston, and Virgo are 7.3, 13.7, and 4.4, respectively. Second row: Time-
frequency representation of the strain data around the time of GW170814. Bottom row: Time-domain detector data (in color), and
90% confidence intervals for waveforms reconstructed from a morphology-independent wavelet analysis [13] (light gray) and BBH
models described in Sec. V (dark gray), whitened by each instrument’s noise amplitude spectral density between 20 Hz and 1024 Hz.
For this figure the data were also low passed with a 380 Hz cutoff to eliminate out-of-band noise. The whitening emphasizes different
frequency bands for each detector, which is why the reconstructed waveform amplitude evolution looks different in each column. The
left ordinate axes are normalized such that the physical strain of the wave form is accurate at 130 Hz. The right ordinate axes are in units
of whitened strain, divided by the square root of the effective bandwidth (360 Hz), resulting in units of noise standard deviations.
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GW170814: Virgo’s first 
detected GW

– marginally more 
detections 

– marginally better 
estimation of intrinsic
source parameters (e.g.
masses)

– dramatically better 
extrinsic parameters 
(sky location, 
inclination)

B. P. Abbott et al., PRL119, 
141101 (2017)

SNR = 7.3
13.7

SNR = 4.4
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7.32 + 13.72
= 1.04



false-alarm rate of 1 in 140 000 years in one search [38,39]
and 1 in 27 000 years in the other search [40–44,56], clearly
identifying GW170814 as a GW signal. The difference in
significance is due to the different techniques used to rank
candidate events and measure the noise background in these
searches; however, both report a highly significant event.
The significance of GW170814 was confirmed on the full

network of three detectors by an independent coherent
analysis that targets generic gravitational-wave transients
with increasing frequency over time [55]. This more generic
search reports a false-alarm rate < 1 in 5900 years. By
comparison, when we limit this analysis to the two LIGO
detectors only, the false-alarm rate is approximately 1 in
300 years; the use of the data from Virgo improves signifi-
cance by more than an order of magnitude. Moreover, this
independent approach recovers waveforms and SNRs at the
three detectors which are compatible with respect to the
coherent analyses used to infer source properties (see Sec. V).

IV. LOCALIZATION

Some compact object mergers are thought to produce not
just GWs but also broadband electromagnetic emission.
LIGO and Virgo have been distributing low-latency alerts
and localizations of GW events to a consortium now
consisting of ground- and space-based facilities who are
searching for gamma-ray, x-ray, optical, near-infrared,
radio, and neutrino counterparts [57–59].
For the purpose of position reconstruction, the LIGO-

Virgo GW detector network can be thought of as a phased
array of antennas. Any single detector provides only
minimal position information, its slowly varying antenna

pattern favoring two broad regions perpendicular to the
plane of the detectors’ arms [60,61]. However, with a
network of detectors, sky position can be inferred by
triangulation employing the time differences [62,63], phase
differences, and amplitude ratios on arrival at the sites [64].
An initial rapid localization was performed by coherent

triangulation of the matched-filter estimates of the times,
amplitudes, and phases on arrival [65]. The localization
was then progressively refined by full coherent Bayesian
parameter estimation [66], using more sophisticated wave-
form models and treatment of calibration systematics, as
described in the next section.
The localization of GW170814 is shown in Fig. 3. For

the rapid localization from Hanford and Livingston, the
90% credible area on the sky is 1160 deg2 and shrinks to
100 deg2 when including Virgo data. The full parameter
estimation further constrains the position to a 90% credible
area of 60 deg2 centered at the maximum a posteriori
position of right ascension RA ¼ 03h11m and declination
dec ¼ −44°57m (J2000). The shift between the rapid
localization and the full parameter estimation is partly
due to the noise removal and final detector calibration,
described in the previous section, that was applied for the
full parameter estimation but not the rapid localization.
Incorporating Virgo data also reduces the luminosity

distance uncertainty from 570þ300
−230 Mpc (rapid localization)

to 540þ130
−210 Mpc (full parameter estimation). As with the

previous paragraph, the three-dimensional credible volume
and number of possible host galaxies also decreases by an
order of magnitude [67–69], from 71 × 106 Mpc3, to
3.4 × 106 Mpc3, to 2.1 × 106 Mpc3.

FIG. 3. Localization of GW170814. The rapid localization using data from the two LIGO sites is shown in yellow, with the inclusion
of data from Virgo shown in green. The full Bayesian localization is shown in purple. The contours represent the 90% credible regions.
The left panel is an orthographic projection and the inset in the center is a gnomonic projection; both are in equatorial coordinates. The
inset on the right shows the posterior probability distribution for the luminosity distance, marginalized over the whole sky.
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GW170814: Virgo’s first 
detected GW

– marginally more 
detections 

– marginally better 
estimation of intrinsic
source parameters (e.g.
masses)

– dramatically better 
extrinsic parameters 
(sky location, 
inclination)
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Sky Localisation: The Basics

• Localisation is primarily from 
timing-based triangulation.
– plus corrections from 

amplitude, phasing
– error boxes: intersecting 

annuli

• For sources near threshold:

51

Fairhurst 2010, Chatterji et al. 2006, 
Abbott et al. 1304.0670 
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Sky Localisation in O1, O2 (2015-17)
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Prospects for Observing and Localizing GW Transients with aLIGO, AdV and KAGRA 19

Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016i; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated calibration
and final choice of waveform models (Abbott et al. 2018d). Three events (GW151012, GW170729,
GW170818) among the 11 confidetent detections were identified offline, and were not shared in low-latency.
The shaded areas enclose the 90% credible regions of the posterior probability sky areas in a Mollweide
projection. The inner lines enclose regions starting from the 10% credible area with the color scheme
changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location

distance measurement is dominated by the degeneracy with the inclination of the
binary, which also determines the signal amplitude (Cutler and Flanagan 1994; Röver
et al. 2007a; Nissanke et al. 2010; Aasi et al. 2013b). The degeneracy could be broken
by observing with more non-co-aligned detectors (Veitch et al. 2012; Rodriguez et al.
2014), or if precession of the orbital plane is observed (Vecchio 2004; van der Sluys
et al. 2008; Vitale et al. 2014), but this is not expected for slowly spinning BNS (Farr
et al. 2016). Distance information can further aid the hunt for counterparts, particularly
if the localization can be used together with galaxy catalogs (Abadie et al. 2012c;
Nissanke et al. 2013; Hanna et al. 2014; Fan et al. 2014; Blackburn et al. 2015; Singer
et al. 2016a; Del Pozzo et al. 2018). Table 3 reports the low-latency and refined
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Refined analysis: 16 sq deg – 1666 sq deg (90%)
Initial alerts can be x1 – x2 larger areas.



Signal Bandwidth & Multiple Rings
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True source location: 
use correct time delay 
to line up signal in 
each detector

H

V
+
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(Some) wrong locations: 
time delay off by one 
cycle

H

V
+
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A Look Ahead
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detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.

Estimated EGW = 10�2M�c2 Number % BNS Localized
Run Burst Range (Mpc) BNS Range (Mpc) of BNS within

Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2

2015 3 months 40 – 60 – 40 – 80 – 0.0004 – 3 – –
2016–17 6 months 60 – 75 20 – 40 80 – 120 20 – 60 0.006 – 20 2 5 – 12
2017–18 9 months 75 – 90 40 – 50 120 – 170 60 – 85 0.04 – 100 1 – 2 10 – 12
2019+ (per year) 105 40 – 80 200 65 – 130 0.2 – 200 3 – 8 8 – 28

2022+ (India) (per year) 105 80 200 130 0.4 – 400 17 48

Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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Where We Are Now & What’s Next

– GW emission & the quadrupole 
approximation

– Main source types and how we 
search for them

– Detector networks: detection 
confidence & sky localization

– Next: Results from LIGO & Virgo
(Erik)
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and my favourite xkcd.com comic


