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A NEW WINDOW

GRAVITATIONAL-WAVE SCIENCE
▸ Discover the dark side of the Universe 

▸ Detect and determine properties of astrophysical (and primordial?) 
black holes 

▸ Measure merger rates of compact binaries 

▸ Inform binary formation models  

▸ Infer the EOS of matter at supra-nuclear densities e.g. in neutron stars 

▸ Test GR in the strong-field, high-curvature regime 

▸ Independently measure the expansion rate of the Universe 

▸ Multimessenger astrophysics 

▸ Dark energy, dark matter 

▸ …
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OUTLINE

OUTLINE
▸ Lecture 1: Introduction; 4.8. @ 15.00 

▸ What are gravitational waves? 

▸ Sources of gravitational waves 

▸ Gravitational-wave detectors 

▸ Lecture 2: Data Analysis for compact binaries; 5.8. @ 11.45 

▸ Detection: Matched filtering 

▸ Parameter Estimation 

▸ Modelling gravitational waves from compact binaries 

▸ Lecture 3: Observations; 6.8. @ 9.00 

▸ Gravitational-wave observations 

▸ Future missions and prospects
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INTRO TO GWS

GR REMINDER
▸ The gravitational field is a geometric property of 4D spacetime: curvature 

▸ Metric tensor ! : how to measure distances and angles in a curved 
manifold  

▸ Mass/energy curve spacetime 

▸ Locally, for freely-falling observers the laws of special relativity hold 
(equivalence principle) 

▸ Freely-falling observers move along geodesics (shortest paths in 
general manifolds) 

▸ Tidal effects determine the relative acceleration between 2 freely-
falling observers 

gμν
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Gµ⌫ ⌘ Rµ⌫ � 1

2
Rgµ⌫ = 8⇡Tµ⌫
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Einstein field equations

Conventions:

sign(⌘µ⌫) = (�1, 1, 1, 1)

uµvµ =
X

µ

uµvµ

µ 2 {0, 1, 2, 3}
i 2 {1, 2, 3}
G = c = 1
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INTRO TO GWS

LINEARISED GRAVITY
▸ Are a fundamental prediction of General Relativity (GR): propagating oscillations of the gravitation field generated by 

accelerating masses 

▸ Transverse waves travelling at the speed of light c 

▸ Let us consider the vacuum Einstein field equations (far away from the source of the gravitational field):  

▸ Linearised gravity: Far away from the source of the gravitational field, the metric !  is that of flat Minkowski space with a 
small metric perturbation ! , i.e.  

▸ Compute all relevant quantities keeping only the terms linear in !  (higher order terms are discarded) 

▸ Work with the trace-reversed metric perturbation to simplify expressions: !

gμν
hμν

hμν

h̄μν = hμν −
1
2

ημνh
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Rµ⌫ � 1

2
Rgµ⌫ = 0
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▸ Make use of the gauge freedom in GR! 

▸  Using the Lorenz (harmonic) gauge, ! , the Einstein field equations reduce to a wave equation for the trace-
reversed metric perturbation tensor: 

▸ Solutions to the wave equation are (superpositions of) plane waves:  

▸ Note: !  and !  because of the Lorenz gauge 

These are gravitational waves!

∂νh̄μν = 0

kμ = (ω, ⃗k ) kμAμν = 0

�6INTRO TO GWS

LINEARISED GRAVITY

⇤h̄µ⌫ ⌘ ⌘µ⌫@
µ@⌫ h̄µ⌫ =

 
� 1

c2
@2
t +r2

!
h̄µ⌫ = 0
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flat-space d’Alembertian

h̄µ⌫(t; ~x) = Re

Z
d3kAµ⌫(~k)e

i(~k·~x�!t)
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INTRO TO GWS

TRANSVERSE-TRACELESS GAUGE
▸ The Lorenz gauge condition does not fix the GR gauge freedom completely for globally vacuum, asymptotically flat spacetimes 

▸ Impose 4 additional gauge conditions: !  (traceless) & !  (purely spatial) 

▸ From the Lorenz gauge condition it follows that ! , i.e. the metric perturbation is transverse 

▸ This is the transverse-traceless (TT) gauge, which is not necessary but very convenient. 

▸ The remaining DOF contain only physical information, non-gauge information about GWs! 

▸ For a plane-wave travelling along the z-axis, the metric perturbation tensor in the TT gauge becomes: 

▸ 2 DOF: !  are the two independent gravitational-wave polarisations 

▸ Note: One can show that the radiative DOF are always contained in the TT-part of the metric perturbation in any gauge!

h = 0 h00 = h0i = 0

∂ihij = 0

h+, h×

�7

hTT
ij (t, z) =

0

@
h+ h⇥ 0
h⇥ �h+ 0
0 0 0

1

A

ij

cos(!(t� z/c))
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INTRO TO GWS

INTERACTION OF GWS WITH TEST MASSES
▸ In curved space, test masses move along geodesics parameterised by the proper time !: 

▸ Let us consider two nearby geodesics, separated by an infinitesimal vector ! . If the separation is much smaller than the 
typical scale of the variation of the gravitational field, the first-order expansion leads to the geodesic deviation equation:  

▸ The separation between the two geodesics changes with time in the presence of a gravitational field 

▸ Two nearby time-like geodesics experience a tidal force, which is determined by the Riemann tensor. 

τ

ξμ(τ)

�8

d2xµ

d⌧2
+ �µ

⌫�
dxµ

d⌧

dx�

d⌧
= 0
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d2⇠µ

d⌧2
+ 2�µ

⌫�
dxµ

d⌧

d⇠�

d⌧
+ ⇠�@��

µ
⌫⇢

dx⌫

d⌧

d⇠⇢

d⌧
= 0
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INTRO TO GWS

INTERACTION OF GWS WITH TEST MASSES
▸ Consider a local rest frame at a point P; i.e. 

!  

▸ Consider a non-relativistic observer (e.g. a GW 
detector), then !  

▸ Under these assumptions, the geodesic 
deviation equation reduces to: 

▸ Gravitational waves have the effect of tidal 
waves, i.e. they change the proper separation 
between two freely-falling test masses 
periodically: “stretching” and “squeezing” of 
spacetime

gμν(P) = ημν → Γμ
νσ(P) = 0

dxi /dτ ≪ dx0/dτ

�9

⇠̈i =
1

2
ḧTT
ij ⇠j
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▸ Let us consider two freely falling test masses located at !  and separated by a coordinate distance !  along the x-axis.  

▸ Consider a GW travelling down the z-axis in the TT gauge: ! . 

▸ Then the proper distance !  between the two test masses is given by:  

▸ Note: We used the fact that the coordinate separation remains fixed in the TT gauge. 

▸ When a GW passes, the proper separation changes by a fractional length change (strain) !  given by

z = 0 Lc

hTT
μν (t; z)
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�10
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This fractional length change = strain is what 
we measure in GW detectors!
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INTRO TO GWS

GENERATION OF GRAVITATIONAL WAVES: QUADRUPOLE FORMULA
▸ Let us assume a slowly moving source in linearised gravity: !  

▸ The solutions to the inhomogeneous wave equation are plane waves (in the Lorenz 

gauge): ! . Recall that the radiative degrees of 

freedom are contained in the spatial TT-part of the metric: !  

▸ At large distance from the source, we can perform a multipole expansion of the 

denominator analogous the EM to find !  (at linear order), 

where ! . 

▸ Using the continuity equation in linearised gravity, i.e. ! , we can further simplify 

this integral: ! . Using the definition of the moment 

of inertia tensor, we arrive at: ! . By projecting out the TT part, we 

arrive at the final answer - the quadrupole formula:

v ≪ c

h̄μν(t; ⃗x ) = 4∫ d3x′ �
Tμν(t − | ⃗x − ⃗x ′ �| ; ⃗x ′ �)

| ⃗x − ⃗x ′�|
μν → ij

h̄ij(t; ⃗x ) =
4
r ∫ d3x′�Tij(t − r; ⃗x ′�)

r := | ⃗x |

∂μTμν = 0
4
r ∫ d3x′�Tij(t − r; ⃗x ′ �) =

2
r

∂2

∂t2 ∫ d3x′�ρx′�ix′�j

h̄ij(t; ⃗x ) =
2
r

d2Iij(t − r)
dt2

�11

hTT
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2

r

d2Ikl(t� r)

dt2
Pik(n̂)Pjl(n̂)
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▸ Gravitational waves are some of the most luminous events in the universe 

▸ GW150914 emitted about 3 solar masses in GWs! 

▸ GW waves carry energy and linear momentum away from the source 

▸ The stress-energy tensor of a propagating gravitational field is given by the Isaacson expression 

▸ Brackets denote an average of regions of the size of the wavelength and times of the length of the period. 

▸ The GW luminosity is obtained by integrating the flux over a distant sphere:  

▸ Note: !  is dimensionless in geometric units but can be converted via the scale factor ! .LGW L0 = c5/G = 3.6 × 1052W

�12INTRO TO GWS

GENERATION OF GRAVITATIONAL WAVES: LUMINOSITY
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...
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...
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!
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GW SOURCES

ASTROPHYSICAL SOURCES OF GRAVITATIONAL WAVES
▸ Any mass distribution with a time-varying quadrupole moment sources gravitational waves

�13

spinning neutron stars, 

pulsars, magnetars

binary black holes,  

binary neutron stars

supernova explosions

Cosmological stochastic 
GW background



P Schmidt, Univ. of Birmingham

COMPACT BINARIES
▸ Binary systems composed of black holes and neutron stars (also white dwarfs, 

supermassive black holes) 

▸ Their orbital evolution is driven by the emission of gravitational waves, causing the 
orbit to shrink: "chirp" signal 

▸ The GW amplitude of a compact binary can be estimated as  

▸ The characteristic frequency of a compact object can be estimated as  

▸ Famous examples: Hulse-Taylor binary pulsar PSR B1913+16, GW150914, 
GW170817 

▸ Note: All directly GWs detected to date are consistent with compact binary 
mergers

�14GW SOURCES
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CORE-COLLAPSE SUPERNOVAE
▸ Type II supernovae: Massive stars (! ) collapse at 

the end of their life and form either a black hole or a neutron star 
(remnant) 

▸ If the collapse is non-spherical, GWs can carry away binding energy 
and angular momentum 

▸ The Type II SNe rate in a Milky Way-like galaxy is 0.01-0.1 per year  

▸ The GW amplitude can be estimated to be

8M⊙ ≲ M ≲ 50M⊙

�15GW SOURCES
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ISOLATED NEUTRON STARS
▸ Gravitational  pulsars = rotating neutron stars with 

asymmetry (“ neutron star mountain”) 

▸ The asymmetry leads to a non-symmetric quadrupole 
tensor 

▸ Assume a star with uniform density. Its moment of 
inertia is given by ! . A mountain with 
mass !  will introduce a fractional asymmetry  

▸ As the star rotates, the mountain will emit GWs, 
causing the star to spin-down.  

▸ Note: non-observation allows to set an upper limit on 
!.

I = 2MR2/5
m

ϵ
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STOCHASTIC GW BACKGROUND
▸ Superposition of astrophysical events that cannot be resolved 

individually 

▸ Background from fundamental processes in the early universe, 
e.g. the Big Bang 

▸ Expected to be very weak but will allow us to look back at 
the universe when it was !  old and at very high 
energies!  

▸ Characterised by the energy density of a random field of 
gravitational waves with a mean square amplitude per unit 
frequency ! .  

▸ The SGWB density parameter is then given by:

10−30s

Sgw( f )
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GW SOURCES

GW SPECTRUM
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DETECTION OF GWS

GRAVITATIONAL-WAVE DETECTORS
▸ Precision interferometry: Use two (perpendicular) lasers beams to measure the length of each arm

�19

Credit: Johan Jarnestad/The Royal Swedish Academy of Sciences
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Fractional change in the length 
of the arms:
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GRAVITATIONAL-WAVE DETECTORS
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[Credit:LIGO]
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A CLOSER LOOK AT ADVANCED LIGO
�21

Pre-stabilized Laser
200W , 1064 nm

Active Seismic Isolation
40 kg ‘Test Mass’ Mirror

Input Optics

Output Mode Cleaner

Auxiliary Laser 

Credit: D. Reitze

DETECTION OF GWS
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A CLOSER LOOK AT ADVANCED LIGO
Multi-stage suspension system to reduce seismic noise

Active seismic damping platform
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▸ Vacuum system for ultra-pure vacuum 

▸ Volume: ~9000m3 

▸ Atmospheric pressure inside the tubes ~ 10-8-10-9 Torr 

▸ Air molecules transfer heat onto mirrors and mimic GWs; dust can damage the mirrors 

▸ Pre-stabilised laser + amplification 

▸ Input laser power in O3: 70W 

▸ Laser power is crucial to increase the resolution  

▸ Mirrors: pure fused silica glass at 40kg each 

▸ 34 x 20 cm 

▸ 1-in-3-million photons get absorbed 

▸ Mirrors refocus the laser

�23DETECTION OF GWS

A CLOSER LOOK AT ADVANCED LIGO
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OTHER DETECTOR CONFIGURATIONS
▸ Triangular interferometers, e.g. 

▸ Einstein Telescope: proposed third generation 
ground-based detector 

▸ LISA: planned space-based mission 

▸ Resonant bar detectors 

▸ Pulsar timing arrays 

�24DETECTION OF GWS
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SENSITIVITY
▸ The sensitivity of GW detector is characterised by the power spectral density (PSD) of its noise background in the 

absence of a GW signal.  

▸ Data is recorded as a time series: !  

▸ Discrete Fourier transform: !  

▸ Let us assume that the noise is stationary and Gaussian. Then the probability density of one realisation of noise per 

frequency bin is given by !  and total probability density for a noise realisation is ! . 

▸ In the continuum limit: !  

▸ !  is the noise power spectral density - the Fourier transform of the noise autocorrelation function:

(n(t0), n(t1), . . . , n(tn))

(ñ( f0), ñ( f1), . . . , ñ( fn))

p(ñ( fi)) ∝ e−|ñ( fi)|
2/(2σ2

i ) p(n) =
n

∏
i=0

p(ñ( fi)

p(n) = 𝒩e
− 1

2 ∑n
i=1

| ñ( fi) |2

σ2
i → 𝒩e− ∫∞

−∞
| ñ( f ) |2
Sn( f ) df

Sn( f )
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hñ(f)ñ⇤(f 0)i = 1

2
Sn(f)�(f � f 0)
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SENSITIVITY DURING O1/O2
�26DETECTION OF GWS

Amplitude spectral density = ! PSD

[LVC, GWTC-1]

Range: Sky and orientation averaged distance 
such that a BNS has a SNR of 8
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PSD ESTIMATION
▸ Off-source (average) vs. on-source 

�27DETECTION OF GWS

Example: GW170608

[Littenberg&Cornish, 2014]
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MAJOR SOURCES OF NOISE
�28

[Living Rev. Rel. 2019 22:2]
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CRYOGENIC COOLING
�29

[KAGRA, 2020]
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STATIONARY & GAUSSIAN?
▸ Data cleaning 

▸ Glitch removal/mitigation

�30DETECTION OF GWS

Additionally, a short instrumental noise transient
appeared in the LIGO-Livingston detector 1.1 s before
the coalescence time of GW170817 as shown in Fig. 2.
This transient noise, or glitch [71], produced a very brief
(less than 5 ms) saturation in the digital-to-analog converter
of the feedback signal controlling the position of the test
masses. Similar glitches are registered roughly once every
few hours in each of the LIGO detectors with no temporal
correlation between the LIGO sites. Their cause remains
unknown. To mitigate the effect on the results presented in
Sec. III, the search analyses applied a window function to
zero out the data around the glitch [72,73], following the
treatment of other high-amplitude glitches used in the
O1 analysis [74]. To accurately determine the properties
of GW170817 (as reported in Sec. IV) in addition to the
noise subtraction described above, the glitch was modeled
with a time-frequency wavelet reconstruction [75] and
subtracted from the data, as shown in Fig. 2.
Following the procedures developed for prior gravita-

tional-wave detections [29,78], we conclude there is no
environmental disturbance observed by LIGO environmen-
tal sensors [79] that could account for the GW170817
signal.
The Virgo data, used for sky localization and an

estimation of the source properties, are shown in the
bottom panel of Fig. 1. The Virgo data are nonstationary
above 150 Hz due to scattered light from the output optics
modulated by alignment fluctuations and below 30 Hz due
to seismic noise from anthropogenic activity. Occasional
noise excess around the European power mains frequency
of 50 Hz is also present. No noise subtraction was applied
to the Virgo data prior to this analysis. The low signal
amplitude observed in Virgo significantly constrained the
sky position, but meant that the Virgo data did not
contribute significantly to other parameters. As a result,
the estimation of the source’s parameters reported in
Sec. IV is not impacted by the nonstationarity of Virgo
data at the time of the event. Moreover, no unusual
disturbance was observed by Virgo environmental sensors.
Data used in this study can be found in [80].

III. DETECTION

GW170817 was initially identified as a single-detector
event with the LIGO-Hanford detector by a low-latency
binary-coalescence search [81–83] using template wave-
forms computed in post-Newtonian theory [11,13,36,84].
The two LIGO detectors and the Virgo detector were all
taking data at the time; however, the saturation at the LIGO-
Livingston detector prevented the search from registering a
simultaneous event in both LIGO detectors, and the low-
latency transfer of Virgo data was delayed.
Visual inspection of the LIGO-Hanford and LIGO-

Livingston detector data showed the presence of a clear,
long-duration chirp signal in time-frequency representations
of the detector strain data. As a result, an initial alert was

generated reporting a highly significant detection of a binary
neutron star signal [85] in coincidence with the independ-
ently observed γ-ray burst GRB 170817A [39–41].
A rapid binary-coalescence reanalysis [86,87], with the

time series around the glitch suppressed with a window
function [73], as shown in Fig. 2, confirmed the presence of
a significant coincident signal in the LIGO detectors. The
source was rapidly localized to a region of 31 deg2,
shown in Fig. 3, using data from all three detectors [88].
This sky map was issued to observing partners, allowing
the identification of an electromagnetic counterpart
[46,48,50,77].
The combined SNR of GW170817 is estimated to be

32.4, with values 18.8, 26.4, and 2.0 in the LIGO-Hanford,

FIG. 2. Mitigation of the glitch in LIGO-Livingston data. Times
are shown relative to August 17, 2017 12∶41:04 UTC. Top panel:
A time-frequency representation [65] of the raw LIGO-Living-
ston data used in the initial identification of GW170817 [76]. The
coalescence time reported by the search is at time 0.4 s in this
figure and the glitch occurs 1.1 s before this time. The time-
frequency track of GW170817 is clearly visible despite the
presence of the glitch. Bottom panel: The raw LIGO-Livingston
strain data (orange curve) showing the glitch in the time domain.
To mitigate the glitch in the rapid reanalysis that produced the sky
map shown in Fig. 3 [77], the raw detector data were multiplied
by an inverse Tukey window (gray curve, right axis) that zeroed
out the data around the glitch [73]. To mitigate the glitch in the
measurement of the source’s properties, a model of the glitch
based on a wavelet reconstruction [75] (blue curve) was sub-
tracted from the data. The time-series data visualized in this figure
have been bandpassed between 30 Hz and 2 kHz so that the
detector’s sensitive band is emphasized. The gravitational-wave
strain amplitude of GW170817 is of the order of 10−22 and so is
not visible in the bottom panel.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-3

Citizen science: Gravity Spy 

https://www.zooniverse.org/projects/zooniverse/gravity-spy 

Some example “glitches”

https://www.zooniverse.org/projects/zooniverse/gravity-spy
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GW OBSERVATORIES

DETECTOR NETWORK
�31

Virgo

GEO 600

‣ Kilometre-scale interferometres  
‣ Sensitive to GWs between a few Hz to a few kHz 
‣ Simultaneous detection increases detection confidence 
‣ Improved sky localisation & polarisation 
‣ Increased duty cycle

jj_mcloughlin@hotmail.com 
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GW OBSERVATORIES

LOCALISATION CAPABILITIES
▸ Individual GW detectors are omnidirectional: poor localisation! 

Sensitivity depends on location, polarisation and frequency 

▸ Simultaneously operating observatories allow for triangulation 
via arrival time differences

�32
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detector’s own axes, then one just sets  = 0. If the arms of the interferometer are not perpendic-
ular to each other, then one defines the detector-plane coordinates x and y in such a way that the
bisector of the angle between the arms lies along the bisector of the angle between the coordinate
axes [334]. Note that the maximum value of either F+ or F⇥ is 1.

The corresponding antenna-pattern functions of a bar detector whose longitudinal axis is aligned
along the z direction, are

F+ = sin2 ✓ cos 2 , F⇥ = sin2 ✓ sin 2 . (58)

Any one detector cannot directly measure both independent polarizations of a gravitational
wave at the same time, but responds rather to a linear combination of the two that depends
on the geometry of the detector and source direction. If the wave lasts only a short time, then
the responses of three widely-separated detectors, together with two independent di↵erences in
arrival times among them, are, in principle, su�cient to fully reconstruct the source location and
gravitational wave polarization. A long-lived wave will change its location in the antenna pattern
as the detector moves, and it will also be frequency modulated by the motion of the detector; these
e↵ects are in principle su�cient to determine the location of the source and the polarization of the
wave.
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Figure 4: The antenna pattern of an interferometric detector (left panel) with the arms in the x-y plane
and oriented along the two axes. The response F for waves coming from a certain direction is proportional
to the distance to the point on the antenna pattern in that direction. Also shown is the fractional area in
the sky over which the response exceeds a fraction ✏ of the maximum (right panel).

Since the polarization angle of an incoming gravitational wave would generally be expected to
be unrelated to its direction of arrival, depending rather on the internal orientations in the source,
it is useful to characterize the directional sensitivity of a detector by averaging over the polarization
angle  . If the wave has a given amplitude h and is linearly polarized, then, if we are interested in
a single detector’s response, it is always possible to align the polarization angle  in the sky plane
with that of the wave, so that the wave has pure +-polarization. Then the rms response function
of the detector is

F =
✓Z

F 2

+
d 

◆1/2

. (59)

The function F is often simply called the antenna pattern. For a resonant bar, the antenna pattern
is

F = sin2 ✓, (60)
and for an interferometer, it is given by

F
2 =

1
4

�
1 + cos2 ✓

�2 cos2 2�+ cos2 ✓ sin2 2�. (61)

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2009-2

to 23.5 days. Even though the FAR estimation of single-detector
candidates is challenging (Callister et al. 2017), the matched-filter
pipelines are capable of identifying loud single-detector events.
GW170817 (Abbott et al. 2017b) was initially identified by
GSTLAL as a single-detector event. To further establish the
significance of GW190425, it was compared against the 169.5
days of background from O1 and O2 and 50 days of background
from O3 in the BNS part of the parameter space, and found to be
louder than any background event. The BNS region is defined as
the parameter space with component masses between 1 and 3 M:.
The results of this background analysis from the GSTLAL search
are shown in Figure 1, which shows the combined S/N–x2 noise
probability density function for LHO, LLO, and Virgo. The
S/N–x2 distributions from O1 and O2 are taken from the analysis
performed for GWTC-1 (Abbott et al. 2019c), while the S/N–x2

distributions from O3 come from the low-latency search. The
S/N–x2 background distributions are a subset of the parameters
that factor in the calculation of the log-likelihood ratio, which is
the detection statistic used by the GSTLAL search. These
background distributions allow us to include the S/N–x2

information from all the triggers, and not just the trigger in
question while assigning the detection statistic. Events with low
S/Ns and accidentally small residuals would be disfavored by the
signal model, which also factors in the log-likelihood ratio.

As seen in Figure 1, there is no background recorded at the
GW190425 parameters in all the data searched over until now.
Thus, despite the caveats associated with finding signals in a
single detector, GW190425 is a highly significant event that
stands out above all background. In Appendix B we also show
the results from the PYCBC.

We sent out an alert ∼43 min after the trigger (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), which
included a sky map computed using a rapid Bayesian algorithm
(Singer & Price 2016). We assigned GW190425 a >99%
probability of belonging to the BNS source category. The
initial sky map had a 90% credible region of 10,200 deg2.
Although data from both LLO and Virgo were used to

constrain the sky location, it extended over a large area due to
the fact that the signal was only observed with high confidence
in a single observatory. Gravitational-wave localization relies
predominantly on measuring the time delay between observa-
tories. However, in this case it is primarily the observed stain
amplitude that localizes the signal, with the more likely parts of
the sky being dominated by positions where the the antenna
response of LLO is favorable.
We generated an improved sky map using a Bayesian

analysis that sampled over all binary system parameters (see
Section 4), producing a 90% credible sky area of 8284 deg2 and
a distance constrained to -

+159 Mpc71
69 . This sky map, and the

initial low-latency map, are shown in Figure 2. As a
comparison, GW170817 was localized to within 28 deg2 at a
90% credible level. The broad probability region in the sky
map for this event presented a significant challenge for follow-
up searches for electromagnetic counterparts. At the time of
writing, no clear detection of a counterpart has been reported in
coincidence with GW190425 (e.g., Coughlin et al. 2019;
Hosseinzadeh et al. 2019; Lundquist et al. 2019, but also see
Pozanenko et al. 2019), although a wide range of searches for
coincident electromagnetic or neutrino signals have been
performed and reported in the GCN Circular archive.203

4. Source Properties

We have inferred the parameters of the GW190425 source
using a coherent analysis of the data from LLO and Virgo (in
the frequency range 19.4–2048 Hz) following the methodology
described in AppendixB of Abbott et al. (2019c).204 The low-
frequency cutoff of 19.4 Hz was chosen such that the signal
was in-band for the 128 s of data chosen for analysis. In this
frequency range there were ∼3900 phase cycles before merger.
We cleaned the data from LLO to remove lines from

calibration and from known environmental artifacts (Davis
et al. 2019; Driggers et al. 2019). For Virgo, we used the low-
latency data. The LLO data were subsequently pre-processed
(Cornish & Littenberg 2015; Pankow et al. 2018) to remove the
noise transient discussed in Section 2. Details of the transient
model and the data analyzed can be found in Abbott et al.
(2019b). The results have been verified to be robust to this
glitch removal by comparing the analysis of the pre-processed

Figure 1. Combined S/N–x2 noise probability density function for LHO, LLO,
and Virgo in the BNS region, computed by adding the normalized 2D
histograms of background triggers in the S/N–x S N2 2 plane from the three
detectors. The gold star indicates GW190425. There is no background present
at the position of GW190425; it stands out above all of the background
recorded in the Advanced LIGO and Virgo detectors in the first three observing
runs. The background contains 169.5 days of data from O1 and O2 and the first
50 days of O3, at times when any of the detectors were operating. For
comparison the LLO and LHO triggers for GW170817 are also shown in the
plot as blue and red diamonds, respectively.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).

203 All GCN Circulars related to this event are archived athttps://gcn.gsfc.
nasa.gov/other/S190425z.gcn3.
204 From here on, we will use GW190425 to refer to the gravitational-wave
signal and as shorthand for the system that produced the signal.
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GW170817 GW190425

90% CI ~ 8300 deg2

RMS antenna response
[Sathyaprakash&Schutz, LRR]

[LVK Observing Scenarios & LVK discovery papers]
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SUMMARY

SOME TAKE-AWAY POINTS
▸ Gravitational waves are propagating oscillations of a gravitational field generated by accelerating masses 

▸ They change the proper separation between freely-falling test bodies 

▸ GWs carry energy & linear momentum from the source 

▸ Spacetime is stiff - "extreme" events are needed to produce a measurable strain  

▸ Compact binary mergers, CCSNe, rotating neutron stars, stochastic GW background 

▸ Operating GW detectors are km-scale (sophisticated) Michelson interferometers 

▸ The sensitivity is characterised by the noise power spectral density  

▸ Current generation can measure length changes !  

▸ Single GW antennae have almost no directional sensitivity; to localise a source a network is needed

δL ≃ 10−18m
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