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Advanced LIGO and Advanced Virgo



Supernovae

Detectable astrophysical sources?
Fast-spinning neutron starsMerging neutron stars, black holes

Primordial gravitational waves



The coalescence of compact objects



The first detection: GW150914

LIGO + Virgo, PRL 116, 061102 (2016) 

Five confirmed binary black hole detections so far:
GW150914, GW151226, GW170104, GW170608, GW170814



Before direct detection:
• Solar system tests

• Weak-field
• Dynamics of spacetime itself 

not being probed
• Radio observations of binary 

neutron stars
• Relatively weak-field test of 

spacetime dynamics
• Cosmology

• Dark matter and dark energy 
may signal GR breakdown

Direct detection from binary 
black hole mergers:
• Genuinely strong-field 

dynamics
• (Presumed) pure spacetime

events

First access to the strong-field dynamics of spacetime

Characteristic timescale
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Yunes, Yagi, Pretorius, PRD 94, 084002 (2016) 



• Inspiral-merger-ringdown process
• Post-Newtonian description of inspiral phase

• Merger-ringdown governed by additional parameters βn, ⍺n

• Place bounds on deviations in these parameters:

• Rich physics:                                                                                                                
Dynamical self-interaction of spacetime, spin-orbit and spin-spin interactions

LIGO + Virgo, PRL 118, 221101 (2017) 

First access to the strong-field dynamics of spacetime



• Does the graviton have mass?

LIGO + Virgo, PRL 116, 221101 (2017) 

How do gravitational waves propagate?

E2 = p2c2 + mg
2c4

mg < 10-22 eV/c2



• Does local Lorentz invariance really hold?

LIGO + Virgo, PRL 118, 221101 (2017) 

How do gravitational waves propagate?

E2 = p2c2 + A p⍺c⍺



Ringdown of newly formed black hole
• Not yet observed in detail
• Will enable indirect test of no hair theorem: 

“Stationary, neutral black holes only 
characterized by mass and spin”

• Requires further factor 3-4 improvement of 
detectors for test at the few percent level

Gravitational wave echoes
• Alternatives to standard black holes,                

e.g. “firewalls” prompted by Hawking’s 
information paradox

• Even after ringdown, black hole will continue 
to emit gravitational wave bursts: echoes

• Macroscopic signature of quantum gravity

What is the true nature of black holes?

Carullo et al., arXiv:1805.04760
Brito et al., arXiv:1805.00293

Cardoso et al., PRD 94, 084031 (2016) 
Tsang et al., PRD 98, 024023 (2018)



• 14 August 2017:                           
First joint binary black hole 
detection by Advanced LIGO, 
Advanced Virgo

• 17 August 2017: First detection 
of binary neutron star merger
• Gamma ray counterpart

Origin of gamma ray bursts
• Thanks to LIGO-Virgo triangulation: 

discovery of afterglow
Origin of heavy elements 

• New cosmic distance markers
Novel way of doing cosmology

• Measurement of neutron star tides
Structure of neutron stars

• Speed of gravity = speed of light        
to 1 part in 1015

Implications dark energy/matter
• Constraining extra dimensions

Braneworld models

2017: Advanced Virgo joins the network

LIGO+Virgo, PRL 119, 161101 (2017), LIGO+Virgo+others, Ap.J. 848, L12 (2017)



• Speed of gravity = speed of light?

-3 x 10-15 < !v/vEM < +7 x 10-16

• Severely constrains or rules out 
alternative theories of gravity 
that give gravitational origin for 
dark energy or dark matter

Measuring the speed of gravity

LIGO+Virgo+Fermi+INTEGRAL, Ap.J. 848, L13 (2017)



• Braneworld models
• Standard model physics 

confined to the brane
• Gravity can propagate into 

the bulk
• “Leakage” of gravitational 

radiation into large extra 
dimensions
• Gravitational wave strength 

drops off as 1/d(D-2)/2

• Compare distance inferred 
from GW signal with the 
distance to host galaxy

D = 4.02 ± 0.1

Constraining large extra dimensions

Pardo et al., arXiv:1801.08160



• Structure of neutron stars?
• Structure of the crust?
• Proton superconductivity
• Neutron superfluidity
• “Pinning” of fluid vortices to crust
• Origin of magnetic fields?
• More exotic objects? 

• Widely differing theoretical predictions for 
equation of state 
• Pressure as a function of density
• Mass as a function of radius
• Tidal deformability as a function of mass

Solving an astrophysical conundrum

Demorest et al., Nature 467, 1081 (2010) 



• Gravitational waves from inspiralling
binary neutron stars:
• When close, the stars induce tidal 

deformations in each other
• These affect orbital motion
• Tidal effects imprinted upon 

gravitational wave signal
• Tidal deformability maps directly to 

neutron star equation of state

Probing the structure of neutron stars

• Measurement of tidal deformations 
on GW170817              
• Infer mass, radius of the two stars
• Compact neutron stars favored
• Some equations of state already 

eliminated

LIGO+Virgo, arXiv:1805.11579



• More accurate determination of 
equation of state using tidal 
deformability after O(30) detection

• Post-merger signal?
• Depends strongly on equation of state

• “Soft”: prompt collapse to black hole
• “Hard”: hypermassive neutron star

• Characteristic frequencies in 
gravitational wave spectrum 3
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FIG. 2. GWs spectra from BNS. The plot shows only a rep-
resentative subset of the configurations of Table I. Triangles
mark frequencies fmrg corresponding to tmrg, circles mark f2

frequencies.

vertical line. We formally define this time as the moment
of merger, tmrg, and refer to the signal at t > tmrg as the
postmerger signal. The GW postmerger signal is essen-
tially generated by the m = 2 structure of the remnant,
see bottom right panel of Fig. 1. The frequency increases
monotonically to M!22 ⇠ 0.2�0.5 as the HMNS becomes
more compact and eventually approaches the collapse.
Assuming the remnant can be instantaneously approxi-
mated by a perturbed di↵erentially rotating star [38], the
f -mode of pulsation is strongly excited at formation and
it is the most e�cient emission channel for GWs.

The GW spectra are shown in Fig. 2 for a representa-
tive subset of configurations. Triangles mark frequencies
fmrg corresponding to tmrg. Circles mark the main post-
merger peak frequencies f2 ⇠ 1.8�4 kHz. The small fre-
quency cut-o↵ is artificial and related to the small binary
separation of the initial data; physical spectra monoton-
ically extend to lower frequencies. From the figure one
also observes that: (i) there exists other peaks, expected
by nonlinear mode coupling or other hydrodynamical in-
teractions [23, 35, 38]; (ii) peaks are broad, reflecting the
nontrivial time-evolution of the frequencies (see Fig. 1
and also the spectrogram in [39]); (iii) secondary peaks
are present in most of the configurations, their physical
interpretation has been discussed in [22, 23, 26, 38]. We
postpone the analysis of these features to future work.
In the following we focus only on the f2 peak, which is
the most robust and understood feature of the GW post-
merger spectrum.

Characterization of the postmerger GW spectra.—
Here, we show that f2 correlates with the tidal coupling

TABLE I. BNS configurations and data. Columns: name,
EOS, binary total mass M , mass ratio q, f2 frequency in
kHz, dimensionless Mf2 frequency, tidal coupling constant
T

2 . Configurations marked with ⇤ are stable MNS.

Name EOS M [M�] q f2 [kHz] Mf2 [⇥102] T
2

SLy-135135 SLy 2.70 1.00 3.48 4.628 74

SLy-145125 SLy 2.70 1.16 3.42 4.548 75

ENG-135135 ENG 2.70 1.00 2.86 3.803 91

SLy-140120 SLy 2.60 1.17 3.05 3.906 96

MPA1-135135 MPA1 2.70 1.00 2.57 3.418 115

SLy-140110 SLy 2.50 1.27 2.79 3.426 126

ALF2-135135 ALF2 2.70 1.00 2.73 3.630 138

ALF2-145125 ALF2 2.70 1.16 2.66 3.537 140

H4-135135 H4 2.70 1.00 2.50 3.325 211

H4-145125 H4 2.70 1.16 2.36 3.138 212

ALF2-140110 ALF2 2.50 1.27 2.38 2.931 216

MS1b-135135⇤ MS1b 2.70 1.00 2.00 2.660 290

MS1-135135⇤ MS1 2.70 1.00 1.95 2.593 327

MS1-145125⇤ MS1 2.70 1.16 2.06 2.740 331

2H-135135⇤ 2H 2.70 1.00 1.87 2.561 439

MS1b-140110⇤ MS1b 2.50 1.27 2.08 2.487 441

MS1b-150100⇤ MS1b 2.50 1.50 1.87 2.303 461

TABLE II. Fit coe�cients of di↵erent quantities at tmrg and
of Mf2 with the template in (2).

Q(T
2 ) Q0 n1 [⇥102] n2 [⇥105] d1 [⇥102]

Emrg
b �0.1201 +2.9905 �1.3665 +6.7484

jmrg +2.8077 +4.0302 +0.7538 +3.1956

M!mrg
22 +0.3596 +2.4384 �1.7167 +6.8865

Mf2 +0.053850 +0.087434 0 +0.45500

constant T
2 that parametrizes the binary tidal inter-

actions and waveforms during the late-inspiral–merger.
The relation f2(T

2 ) depends very weakly on the binary
total mass, mass-ratio, and EOS. We use a large data
sample of 99 points including the data of [19, 24].

Let us first briefly summarize the definition of T
2 and

its role in the merger dynamics.
Within the EOB framework, tidal interactions are

described by an additive correction AT (r) to the ra-
dial, Schwarzschild-like metric potential A(r) of the EOB
Hamiltonian [11]. The potential A(r) represents the bi-
nary interaction energy. In order to understand its phys-
ical meaning, it is su�cient to consider the Newtonian
limit of the EOB Hamiltonian, HEOB ⇡ Mc2 + µ

2p
2 +

µ
2 (A(r) � 1) + O(c�2), where µ = MAMB/(MA + MB)
is the binary reduced mass, p the momenta, and A(r) =
1 � 2

r = 1 � 2 GM
c2rAB

, with rAB the relative distance be-
tween the stars (constants c and G are re-introduced for
clarity). The tidal correction AT (r) is parametrized by
a multipolar set of relativistic tidal coupling constants

Del Pozzo et al., PRL 111, 071101 (2013) 

Bernuzzi et al., PRL 115, 091101 (2015) 

Probing the structure of neutron stars



• Mapping out the large-scale structure 
and evolution of spacetime by 
comparing:
• Distance
• Redshift

• Current measurements depend on 
cosmic distance ladder
• Intrinsic brightness of e.g. supernovae 

determined by comparison with 
different, closer-by objects

• Possibility of systematic errors at every 
“rung” of the ladder

• Gravitational waves from binary 
mergers: Distance can be measured 
directly from the gravitational wave 
signal!

A new cosmic distance marker



• Measurement of the local 
expansion of the Universe:      
The Hubble constant
• Distance from GW signal
• Redshift from EM counterpart 

(galaxy NGC 4993)

• One detection: limited 
accuracy

• Few tens of detections:        
O(1%) accuracy after few tens 
of detections 

A new cosmic distance marker

LIGO+Virgo et al., Nature 551, 85 (2017) 

Del Pozzo, PRD 86, 043011 (2012) 



Into the future



• Radio astronomers monitoring 
pulsars
• Accurate determination of the period

• Gravitational waves affect the 
local flow of time

• Large number of pulsars together 
form a gravitational wave detector
• Sensitive to ultra-low frequencies: 

nano-Hertz

• Observations of supermassive 
binary black holes long before 
merger?
• First detections within a decade?

• Primordial gravitational waves?

Pulsar timing arrays (already active)



• Three probes in orbit around 
the Sun, exchanging laser 
beams 
• Triangle, O(106) km sides 
• Sensitive to low frequencies:      

10-5 – 10-1 Hz
• Approved by ESA for launch in 

2034

• Accessible sources: 
• Binary white dwarfs in Milky Way
• Mergers of supermassive binary 

black holes throughout Universe
• Smaller objects in complex orbits 

around supermassive black hole
• Primordial gravitational waves?

The Laser Interferometer Space Antenna (LISA)



• EU-funded design study 2011
• Triangular, sides of 10 km
• Underground
• Superior noise suppression
• More sensitive optics
• Six interferometers:

• High frequencies(high laser power)
• Low frequencies (cryogenic)

• Factor 10 improvement in sensitivity over 
Advanced LIGO/Virgo

• Merging black holes, neutron stars in the 
entire visible Universe 
• 100,000 sources per year!

• How did stellar mass binary black 
holes arise?

• “High-resolution” probe of neutron 
star interiors

• Cosmography 
• Primordial gravitational waves?

• Being considered in parallel in the US:         
Cosmic Explorer

Einstein Telescope

Sathyaprakash et al., CQG 29, 124013 (2012) 



Pulsar timing, LISA, Einstein Telescope: 
Access to wide spectrum of gravitational waves


