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Talk layout

❖ Introduction to gravitational-wave astronomy

❖ Why is gravitational-wave astronomy relevant for 
particle physics?

❖ What have we learned from a single multi-messenger 
observation?

❖ What will we learn in the future?
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General relativity and gravitational waves

❖ Einstein’s theory of general relativity 
redefined what we understand as 
“gravity”

❖ Gravity can be though of as  a 
warping of space and time

❖ Caused by mass and energy in the 
Universe
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Gravitational waves

❖ A new prediction of general 
relativity, not present in 
Newtonian physics!

❖ Wave-like fluctuations in 
space-time, which propagate at 
the speed of light

❖ Emitted by accelerating masses 
with spherical asymmetry.
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Effect of a gravitational-wave passage

❖ All particles affected by 
gravitational-wave passage

❖ Passing wave can cause a 
deformation in a ring of 
particles

❖ However, interaction with 
matter is extremely weak

❖ Observed signals have a strain 
of 10-21. 
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Observing gravitational-waves

LIGO	Hanford,	WA LIGO	Livingston,	LA
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Basic Michelson Interferometer
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Credit: LIGO.org

http://ligo.org


Actual LIGO Interferometer

!8 Credit: LIGO.org

http://ligo.org


Amplitude Spectral Density

!9 Credit: LIGO



Broad sky sensitivity

❖ Sensitivity to most points on 
the sky

❖ Best sensitivity to sources 
overhead (or underhead)

❖ But difficult to know where in 
the sky a source came from!

!10Figure 5. Antenna response pattern for a LIGO gravitational wave detector, in
the long-wavelength approximation. The interferometer beamsplitter is located at
the center of each pattern, and the thick black lines indicate the orientation of the
interferometer arms. The distance from a point of the plot surface to the center of
the pattern is a measure of the gravitational wave sensitivity in this direction. The
pattern on the left is for + polarization, the middle pattern is for ⇥ polarization, and
the right-most one is for unpolarized waves.

established using the laser wavelength, by measuring the mirror drive signal required to

move through an interference fringe. The calibration is tracked during operation with

sine waves injected into the di↵erential-arm loop. The uncertainty in the amplitude

calibration is approximately ±5%. Timing of the GW channel is derived from the Global

Positioning System; the absolute timing accuracy of each interferometer is better than

±10 µsec.

The response of the interferometer output as a function of GW frequency is

calculated in detail in references [36, 37, 38]. In the long-wavelength approximation,

where the wavelength of the GW is much longer than the size of the detector, the

response R of a Michelson-Fabry-Perot interferometer is approximated by a single-pole

transfer function:

R(f) / 1

1 + if/fp
, (1)

where the pole frequency is related to the storage time by fp = 1/4⇡⌧s. Above the pole

frequency (fp = 85 Hz for the LIGO 4 km interferometers), the amplitude response

drops o↵ as 1/f . As discussed below, the measurement noise above the pole frequency

has a white (flat) spectrum, and so the strain sensitivity decreases proportionally to

frequency in this region. The single-pole approximation is quite accurate, di↵ering from

the exact response by less than a percent up to ⇠1 kHz [38].

In the long-wavelength approximation, the interferometer directional response is

maximal for GWs propagating orthogonally to the plane of the interferometer arms,

and linearly polarized along the arms. Other angles of incidence or polarizations give a

reduced response, as depicted by the antenna patterns shown in Fig. 5. A single detector

has blind spots on the sky for linearly polarized gravitational waves.

P070082-v4
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A global network

LIGO		
Hanford

LIGO		
Livingston

GEO

Virgo

Imagery ©2018 Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Landsat / Copernicus, Map data ©2018 Google, SK telecom, ZENRIN 500 km 

Kamioka Gravitational Wave Detector
Research Institute

36°24'43. 137°18'21.0"E, 0 Go Beppucho, Obihiro, Hokkaido 089-1184, Japan

gwcenter.icrr.u-tokyo.ac.jp

Add missing information

Kamioka Gravitational Wave Detector

KAGRA: 
Japan
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Observable gravitational wave sources

Simulation	courtesy	of	the	Simulating	
eXtreme	Spacetimes	(SXS)	collaboration

!12



The gravitational-wave spectrum
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LIGO/Virgo Science Targets
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Quick aside on black holes: GW150914

LIGO/Virgo PRL 116, 061102 (2016)



Quick aside on black holes
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Plus 22 potential new events already in O3 …. Not all binary black holes



Neutron stars - a “hands off” laboratory for extreme physics
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Watts et al., PoS (AASKA14) 215 043

Slide courtesy of N. Anderson 

❖ Gravity, holds the star together (gravitational waves!)
❖ Electromagnetism, makes pulsars pulse and magnetars flare

❖ Strong interaction, determines the internal composition

❖ Weak interaction, affects reaction rates - cooling and internal viscosity



The equation-of-state

!18 Yagi and Yunes Phys.Rept. 681 (2017) 1-72



How colliding neutron stars differ from black holes
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Tidal deformability

❖ R: radius; m: mass of star

❖ k2 relativistic love number (Damour 1983) ~ 0.05-0.15

❖ Mass distribution inside the star, not surface deformation
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λi =
quadropole deformation of star i

strength of external tidal field

Λi =
λi

m5
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Tidal deformability is a weak effect

!21 Cullen, IH et al.,  CQG 34 245003 (2017)
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Kilonovae

!22 Metzger,  Liv. Rev. Rel. 20, 3 (2017)



GW170817 + GRB170817A + AT2017gfo

!23 Credit: LIGO/Virgo/Fermi/INTEGRAL



Measuring neutron star tidal deformability

!24 Abbott et al., PRL 121 161101



Constraints on pressure vs density

!25 Abbott et al., PRL 121 161101



Constraining on mass vs radius

!26 Abbott et al., PRL 121 161101



Measuring a post-merger signal
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AT2017gfo
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Measuring Hubble’s constant

!29 Abbott et al., Nature 551, 85 (2017)



R-process element formation

!30 Abbott et al., ApJL 850, L39 (2017)



R-process element formation

!31 Abbott et al., ApJL 850, L39 (2017)



R-process element formation

!32 D. Siegel, ArXiv:1901.09044 (2019)



Neutrinos and GW170817
14

Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

Astrophys. J. Lett. 850, L35 (2017)



Looking forward
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Einstein Telescope

Regimbau et al. PRL 118, 151105 (2017)



Future plans for gravitational-wave observations
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Future plans for gravitational-wave observations
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LISA - Space-based GW astronomy

5 Million kilometer arm length



Thanks!

!39


