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Ground-based GW observatories

‣ Interferometric GW observatories 
‣ Operating: LIGO Livingston, LIGO Hanford, Virgo, GEO600 
‣ Under construction: KAGRA (~ 2020) 
‣ Planned: LIGO India 
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O1 & O2: Summary

First Observing run (O1): 
!
‣ 12/09/2015 - 19/01/2016 
!

‣ ~ 49 days of coincident LIGO 
data 
!

‣ 2 BBH detections: GW150914, 
GW151226 
!

‣ 1 BBH candidate: LVT151012
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Second Observing run (O2): 
!

‣ 30/11/2016 - 25/08/2017 
!

‣ Virgo joined on August 1st 2017 with a 
BNS horizon range of ~ 27 Mpc 
!

‣ ~ 117 days of coincident LIGO data  
!

‣ ~ 15 days of coincident LIGO-Virgo data 
!

‣ 3 BBH detections: GW170104, 
GW170608, GW170814 
!

‣ 1 BNS detection: GW170817

SXS

AEI
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GW150914: The first ever observation of GWs 

‣ On September 14 2015 Advanced LIGO detected the first binary black hole 
coalescence with a signal-to-noise ratio (SNR) of ~25
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Decoding the chirp signal from coalescing binaries

‣ GWs encode the characteristic properties of the source, e.g. masses and spins
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Decoding the chirp signal from coalescing binaries

‣ Decoding requires prior knowledge 
of the waveform predicted in General 
Relativity 
‣ Waveform models of coalescing 

compact binaries combine 
analytic approximations with 
numerical relativity (see e.g. 
Hannam+, Ajith+, Buonanno+, Pan
+, Taracchini+, Khan+) 

!
!

‣ Low-mass signals (≤ 12 Msun): 
dominated by the inspiral  
‣ The best measured parameter is 

the chirp mass
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‣ High-mass signals: inspiral, merger & 
ringdown are visible 
‣ Requires numerical solutions of the 

general relativistic two-body problem 
‣ Total mass becomes the defining 

parameter 
‣ Ringdown: frequency & decay time of 

quasi-normal modes



GW151226: The first low-mass BBH

‣ Recorded on December 26th, 2015 at 03:38:53 UTC with an SNR of ~13
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Phys. Rev. Lett. 116, 241103 (2016)
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~ spins parallel to L set inspiral rate  
[Racine08]

~ spins orthogonal to L  drive the 
precession [Schmidt+14]



GW170104: Another massive BBH

‣ On January 4th 2017 at 10:11:58 UTC Advanced LIGO recorded the GW of 
another high mass BBH with an SNR of ~13
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Phys. Rev. Lett. 118, 221101, (2017) 

with a network matched-filter signal-to-noise ratio (SNR) of
13. At the detection statistic value assigned to GW170104,
the false alarm rate is less than 1 in 70 000 years of coincident
observing time.
The probability of astrophysical origin Pastro for a candi-

date event is found by comparing the candidate’s detection
statistic to a model described by the distributions and rates of
both background and signal events [8,32,33]. The back-
ground distribution is analysis dependent, being derived from
the background samples used to calculate the false alarm rate.
The signal distribution can depend on themass distribution of
the source systems; however, we find that different models
of the binary black hole mass distribution (as described in
Sec. VI) lead to negligible differences in the resulting value of
Pastro. At the detection statistic value of GW170104, the
background rate in bothmatched filter analyses is dwarfed by
the signal rate, yielding Pastro > 1 − ð3 × 10−5Þ.
An independent analysis that is not based on matched

filtering, but instead looks for generic gravitational-wave
bursts [2,34] and selects events where the signal frequency
rises over time [35], also identified GW170104. This
approach allows for signal deviations from the waveform
models used for matched filtering at the cost of a lower
significance for signals that are represented by the consid-
ered templates. This analysis reports a false alarm rate of
∼1 in 20 000 years for GW170104.

IV. SOURCE PROPERTIES

The source parameters are inferred from a coherent
Bayesian analysis of the data from both detectors [36,37].
As a cross-check, we use two independent model-waveform
families. Both are tuned to numerical-relativity simulations
of binary black holes with nonprecessing spins, and intro-
duce precession effects through approximate prescriptions.
One model includes inspiral spin precession using a single
effective spin parameter χp [38–40]; the other includes the
generic two-spin inspiral precession dynamics [41–43]. We
refer to these as the effective-precession and full-precession
models, respectively [44]. The two models yield consistent
results. Table I shows selected source parameters for
GW170104; unless otherwise noted, we quote the median
and symmetric 90% credible interval for inferred quantities.
The final mass (or equivalently the energy radiated), final
spin, and peak luminosity are computed using averages of fits
to numerical-relativity results [45–49]. The parameter uncer-
tainties include statistical and systematic errors from aver-
aging posterior probability distributions over the two
waveform models, as well as calibration uncertainty [37]
(and systematic uncertainty in the fit for peak luminosity).
Statistical uncertainty dominates the overall uncertainty as a
consequence of the moderate SNR.
For binary coalescences, the gravitational-wave frequency

evolution is primarily determined by the component masses.
For highermass binaries, merger and ringdown dominate the

signal, allowing good measurements of the total mass M ¼
m1 þm2 [53–57]. For lower mass binaries, like GW151226
[3], the inspiral is more important, providing precision
measurements of the chirp mass M ¼ ðm1m2Þ3=5=M1=5

[58–61]. The transition between the regimes depends upon
the detectors’ sensitivity, and GW170104 sits between the

TABLE I. Source properties for GW170104: median values
with 90% credible intervals. We quote source-frame masses; to
convert to the detector frame, multiply by (1þ z) [50,51]. The
redshift assumes a flat cosmology with Hubble parameter H0 ¼
67.9 km s−1 Mpc−1 and matter density parameter Ωm ¼ 0.3065
[52]. More source properties are given in Table I of the
Supplemental Material [11].

Primary black hole mass m1 31.2þ8.4
−6.0M⊙

Secondary black hole mass m2 19.4þ5.3
−5.9M⊙

Chirp mass M 21.1þ2.4
−2.7M⊙

Total mass M 50.7þ5.9
−5.0M⊙

Final black hole mass Mf 48.7þ5.7
−4.6M⊙

Radiated energy Erad 2.0þ0.6
−0.7M⊙c2

Peak luminosity lpeak 3.1þ0.7
−1.3 × 1056erg s−1

Effective inspiral spin parameter χeff −0.12þ0.21
−0.30

Final black hole spin af 0.64þ0.09
−0.20

Luminosity distance DL 880þ450
−390 Mpc

Source redshift z 0.18þ0.08
−0.07

FIG. 2. Posterior probability density for the source-framemasses
m1 and m2 (with m1 ≥ m2). The one-dimensional distributions
include the posteriors for the two waveform models, and their
average (black). The dashed lines mark the 90% credible interval
for the average posterior. The two-dimensional plot shows the
contours of the 50% and 90% credible regions plotted over a color-
coded posterior density function. For comparison, we also show
the two-dimensional contours for the previous events [5].
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GW170608: The (almost) elusive low mass BBH 

‣ On June 8 2017 Advanced LIGO detected its 
lightest black hole binary yet (SNR~ ) 
!

‣ Single detector trigger in L1 
!

‣ H1 was not in observing mode due to beam 
re-centering procedure
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GW170814: The first HLV binary aka „the triple“

‣ On August 14th 2017 at 10:30:43 UTC Advanced LIGO and Advanced Virgo 
coincidentally detected the signal of a high mass binary black hole coalescence
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GW170814: Sensitivity 13

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.
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GW170814: The Triple

‣ 3-detector network SNR ~18 
!

‣ The addition of Advanced Virgo allows for much tighter sky localisation 
‣ 1160 deg^2 to ~60 deg^2
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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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Tests of General Relativity with BBH

▸ Inspiral-merger-ringdown (IMR) 
consistency test   

▸ Is the final state as predicted from 
GR? 

▸ Infer final mass and spin from 
inspiral and merger-ringdown 
separately 

▸ Null test of GR 

▸ So far everything is highly 
consistent with estimates from 
binary black holes as predicted in 
GR

15
IMR consistency test

28

C Inspiral–merger–ringdown consistency test V TESTS OF GENERAL RELATIVITY

FIG. 10. Posterior probability distributions for the fractional
di↵erences in the remnant black hole mass �Mf/M̄f and spin
�af/āf calculated using the low-frequency (inspiral) and high-
frequency (merger–ringdown) parts of the waveform. The GR
solution is at (0, 0), shown in the two-dimensional plot as a
black + marker. The contours show the 90% credible region,
the lines in the one-dimensional histograms mark the 90%
credible interval. We show the posteriors for GW170104 and
GW150914, as well as the combined posterior using both.
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F. Ohme, G. Pratten, and M. Pürrer, Phys. Rev. Lett.
113, 151101 (2014), arXiv:1308.3271 [gr-qc].

[19] N. J. Cornish and T. B. Littenberg, Classical Quantum
Gravity 32, 135012 (2015), arXiv:1410.3835 [gr-qc].

[20] T. B. Littenberg and N. J. Cornish, Phys. Rev. D 91,
084034 (2015), arXiv:1410.3852 [gr-qc].

[21] L. P. Singer and L. R. Price, Phys. Rev. D 93, 024013
(2016), arXiv:1508.03634 [gr-qc].

[22] B. Farr et al., Astrophys. J. 825, 116 (2016),
arXiv:1508.05336 [astro-ph.HE].

[23] Y. Pan, A. Buonanno, A. Taracchini, L. E. Kidder, A. H.
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• Null test of GR 

• Split waveform at 
remnant ISCO freq 

• Infer final mass and 
spin from I and MR 
separately 

• Only possible when 
SNR in MR large

Phys. Rev. Lett. 118, 221101, (2017): Supplementary Material 



Tests of General Relativity with BBH

‣ Parameterised tests of General Relativity 
!
‣ Employs modifications to the GR phase:  
!
!
!

‣ Combined results (GW150914 , GW151226, GW170104) show consistency 
with General Relativity

16

Phys. Rev. Lett. 118, 221101, (2017): Supplementary Material 

pi ! pi(1 + �p̂i)

 insp(f) = 2⇡ftc � �c �
⇡

4

7X

i=0

[pi + p(l)i ln f ]f (j�5)/3



LIGO’s & Virgo’s BBH

‣ Two distinct populations? 
‣ Different environments 
!

‣ Spin constraints are very wide 
‣ Could help distinguish 

formation channels 
‣ Individual spins are difficult 

to measure 
!

‣ More statistics needed!
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GW170817: A binary neutron star inspiral

‣ On August 17 2017 at 12:41:04 UTC the signal from a binary neutron star was 
detected by LIGO & Virgo

18

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral  
PRL., 119, 161101 (2017)



GW170817

‣ Glitch in LIGO Livingston 
‣ Prevents automatic triggering  
‣ Manual removal of glitch necessary

19



GW170817: A binary neutron star inspiral

‣ 1.7s after the GW signal a GRB was observed by Fermi 
‣ A dedicated follow-up campaign identified the EM counterpart

20

Credit NASA

Coincident GW + EM observation



GW170817: A binary neutron star inspiral

▸ Network SNR: 32.4 - Loudest signal seen by Advanced LIGO & Virgo 
▸ Duration of signal ~ 100s making it the longest signal to date 
▸ False alarm rate in 5.9 days of data is < than 1 per 8 x 104 years - highly 

significant event!
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GW170817: A binary neutron star inspiral

‣ GW170817 lies in Virgo’s „blind spot“ which is crucial for the 
sky localisation

22

DIVISION OF PHYSICS, MATHEMATICS & ASTRONOMY 

Virgo “non-detection” was very important!
It appears that the signal was in Virgo’s “blind spot”.

10

Reduces	the	localization	to	“only”	~30	deg2
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GW170817: Source properties

▸ Best measured combination of masses is the chirp mass: 

!

▸ The total mass: 

!

▸ Constraints on component masses : 

!

▸ Known NS total masses: 

▸ Luminosity distance: 

!

▸ Distance correlated with inclination angle: face-off
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GW170817: Probing matter at its extreme 

‣ NS are laboratories of 
extreme matter 
!

‣ Properties of dense matter 
can be mapped to properties 
of the neutron star
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?

Crust: ~ km 
 neutron rich ions, free neutrons         

Outer core: ~ few km 
Uniform liquid (mostly neutrons)

Deep core 
density~2-10x nuclear density 
Exotic states of matter?  
Deconfined quarks? 
Condensates?

Nuclear equation 
of state (EOS)

mass-radius relation,  
maximal mass, 

tidal deformability
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Courtesy: T. Hinderer

▸ Internal structure of neutron star becomes important as orbital separation shrinks 

▸ Tidal field of companion induces a mass-quadrupole moment 
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Courtesy: T. Hinderer

▸ Expect tidal effects to become significant above ~600Hz

Tidal deformability 
~ (induced quadrupole) 

(external tidal field)



GW170817: Tidal Measurements

▸ Perform analysis with different spin priors  

▸ Leading GW phase determined by: 

▸ Most consistent with compact stars: R < 14km
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GW170817: The EM counterpart

‣ GCN alert sent ~27 minutes after GW 
detection 

‣ First observation of optical 
counterpart ~11h later by Swope 
(SSS17a/AT 2017gfo) 

‣ Localisation to NGC 4993 
!
!
!
!
!
!
!
!

‣ Rapid fading of blue component 
‣ Redward evolution for ~10 days 
‣ No UHE gamma-rays or neutrinos 
‣ No initial X-ray and radio emission
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Astrophys. J.  848  (2017) L12



GW170817: The EM counterpart

‣ Hypothesis: the engines of short GRBs are mergers of compact binaries (BNS, 
NSBH)

30

accretion onto central 
engine powers jet

kilonova powered by 
dynamical ejecta from tidal tails  
(decay of r-process elements)

interaction between 
jet and ISM



GW170817: The EM counterpart

‣ Gamma-rays: short, soft and 
surprisingly weak 
!

‣ Optical & UV: bright but faded 
quickly; blue faded first  
!

‣ First x-rays after ~9 days 
(Chandra) 
!

‣ First radio detection after ~16 
days (VLA) 
!

‣ Spectroscopic measures 
broadly match predictions from 
kilonova models, i.e. signatures 
of decay of r-process elements 
and production of lanthanides 
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Kasliwal et al., Science (2017)



GW170817: A BNS standard siren
‣ GWs are standard sirens [Schutz 86] 
‣ From GWs we measure the redshifted chirp mass & luminosity distance 
!
!
!
!
!
!

‣ From EM we obtain a redshift measurement and can relate it to the distance 
thereby measuring the Hubble constant H0 
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Outlook

‣ O2 has finished but we are still 
analysing data! 
!

‣ O3 is anticipated to start in late 2018 
!
▸ aLIGO BNS Range: 120-170 Mpc 

▸ aVirgo BNS Range: 65-85 Mpc 

‣ KAGRA is projected to join the 
ground-based network in ~ 2020 
!

‣ See public Observing Scenarios 
document for more details:
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https://dcc.ligo.org/LIGO-P1200087/public

The future is loud & bright!


