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-Black holes are a like elementary particles (no hair) but with a continuous spectrum

-Black holes binary are remarkably similar to quarkonia!  In fact one can use QCD to 
calculate the measured signal



Outline of the talk

1) The experiment in context (a little history)

2) The experiment: Sensitivity and Signal discrimination, event classification

3) Science Objectives 

5) Effective Field Theory approach

6) Future out look of GW as probe of ``Fundamental’’ Physics

4) Current Catalog: What we have learned so far



• 1921: Gravitational Waves predicted  by Einstein 


• 1962: Idea of building an interferometer with hanging mirrors proposed by Gertsenshtein  and 
Pustovoit.

•  1972: Weiss completed the invention of the interferometric gravitational wave detector by identifying 
all the fundamental noise sources, and conceiving ways to deal with each of them, and by showing that 
— at least in principle — these ways could lead to detector sensitivities good enough to detect waves 
from astrophysical sources. 


• 1980 US NSF approves prototype detectors.


• 1989 Cal-Tech+ MIT submit a proposal for LIGO. Two detectors working in tandem. At this point all the 
technology had been proven with sensitivity sufficient for ``possible” detection. With the plan for an 
advanced detector with ``new” technology with a ``high probability” of detection.


• 1991 US congress approves funding for LIGO with one detector in Livingston Louisiana and the other 
in Hannover Washington.


• 1993 VIRGO Project approved by CNRS and INFN. (Pisa Italy)


• 2005-2010 LIGO/VIRGO place ``astro-physically interesting” bounds  on gravitational wave sources, 
but did not find any waves. 


• 2015 Advanced LIGO improves upon sensitivity by more than an order of magnitude.

On September 14, 2015, a detection with a large signal to noise ratio, 24. The measured waveform 
matched the predictions of Einstein’s general relativity for waves from two black holes spiraling 
together, colliding and merging.

1) A Brief history of Gravitational Wave Astronomy
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We present an up-to-date, comprehensive summary of the rates for all types of compact binary co-
alescence sources detectable by the Initial and Advanced versions of the ground-based gravitational-
wave detectors LIGO and Virgo. Astrophysical estimates for compact-binary coalescence rates
depend on a number of assumptions and unknown model parameters, and are still uncertain. The
most confident among these estimates are the rate predictions for coalescing binary neutron stars
which are based on extrapolations from observed binary pulsars in our Galaxy. These yield a likely
coalescence rate of 100 Myr−1 per Milky Way Equivalent Galaxy (MWEG), although the rate could
plausibly range from 1 Myr−1 MWEG−1 to 1000 Myr−1 MWEG−1 [1]. We convert coalescence rates
into detection rates based on data from the LIGO S5 and Virgo VSR2 science runs and projected
sensitivities for our Advanced detectors. Using the detector sensitivities derived from these data, we
find a likely detection rate of 0.02 per year for Initial LIGO-Virgo interferometers, with a plausible
range between 2 × 10−4 and 0.2 per year. The likely binary neutron-star detection rate for the
Advanced LIGO-Virgo network increases to 40 events per year, with a range between 0.4 and 400
per year.

I. INTRODUCTION

The ground-based detectors LIGO, Virgo, and GEO 600 (see [2–5] for recent status reports) are rapidly improving
in sensitivity. The search of data from the last science run (LIGO S5, Virgo VSR1) of the Initial versions of these
detectors is still ongoing (see [6, 7] for upper limits on rates of low-mass binary mergers from the first part of the
run). By 2015, Advanced versions of these detectors should be taking data with a sensitivity approximately 10 times
greater than the initial sensitivity, so that the detection volume will grow by a factor of about a thousand. Such
improvements in detector sensitivity mean that the first gravitational-wave signature of a compact-binary coalescence
(CBC) event could be detected in the next few years.
Theoretical predictions of astrophysical event rates represent a crucial input into the development and assessment

of the detection process. For example, Advanced LIGO can be tuned to increase its sensitivity in some frequency
bands, and the relative event rates for different types of sources can aid the decision-making process for selecting the
best detector configuration. Additionally, as detector sensitivities improve, even upper limits will start to become
astrophysically interesting. They will begin to rule out the models that predict the highest detection rates, thereby
allowing us to place stricter constraints on astrophysically interesting quantities such as compact-object natal kick
velocities, the strength of massive-star winds, and the parameters of dynamically unstable mass-transfer processes in
binary stars (e.g., accretion during the common-envelope phase) [8–10].
The primary goal of this document is to provide an accessible, up-to-date, comprehensive summary of the rates of

compact-binary coalescence sources, specifically those involving neutron stars (NSs), stellar-mass black holes (BHs)
and intermediate-mass black holes (IMBHs). This document aims to be a reference source for rate predictions for the
gravitational-wave astrophysics community. It can also provide an introduction to the literature on compact-binary
coalescence rate estimates. No new rate derivations are presented here, but we do provide a consistent conversion

5

of merger rates into detection rates for the LIGO-Virgo network using the most up-to-date sensitivities of the Initial
and Advanced LIGO detectors.
Much work has been done in the field of predicting astrophysical rates for compact binary coalescences since classic

papers by Phinney [11] and Narayan, Piran & Shemi [12] appeared in 1991. We do not attempt a thorough review
of the entire body of literature on the subject. Rather, we focus on a selection of papers representative of different
approaches to rate prediction, emphasizing those papers which not only predict rates for CBCs, but also evaluate the
systematic uncertainties in rate estimates. We include the most recent papers from each group, and only those which
appeared after 2000. Additional background information can be found in the detailed review by Postnov & Yungelson
[13]. In particular, see Table 4 of [13] and Tables 3 and 4 of Grishchuk et al. [8] for a partial list of historical CBC
rate predictions.
New papers in the field are coming out at an ever-increasing pace, as better theoretical understanding allows

more sophisticated models to be built, while additional electromagnetic observations of binaries with compact objects
(pulsars and X-ray binaries) provide tighter constraints on those models (see, e.g., Kalogera et al. [14]). This version
of the document is by necessity a snapshot of the field; only papers that have appeared in print by October 1, 2009
are included here. However, this is meant to be a living document, which the authors will maintain in order to keep
the information current.
The document begins with an Executive Summary, which contains the coalescence rates for various CBC sources

per Milky Way Equivalent Galaxy (MWEG), per L10
1 or per Mpc3 for NS-NS, NS-BH and BH-BH2 binaries, or per

globular cluster (GC) for IMBH-IMBH binaries and intermediate-mass-ratio inspirals (IMRIs) into IMBHs. Upper
limit, plausible optimistic, likely, and plausible pessimistic rate estimates are given where available, all referenced to
the existing literature. Detection rates are also provided for fiducial values of the horizon distance (see Section III
for definition) for both Initial and Advanced LIGO-Virgo networks. Section III describes how rates per galaxy are
converted into detection rates. Section IV on individual sources provides a comprehensive list of currently available
estimates in the published literature, with specific details on how each value was extracted from the literature. A
brief review of the methods by which these estimates were obtained is also included.

II. EXECUTIVE SUMMARY

At present, there are significant uncertainties in the astrophysical rate predictions for compact binary coalescences.
These arise from the small sample size of observed Galactic binary pulsars, from poor constraints for predictions
based on population-synthesis models, and from the lack of confidence in a number of astrophysical parameters, such
as the pulsar luminosity distribution. The uncertainties in the coalescence rates, which can reach ∼ 1 − 2 orders of
magnitude in each direction from the most likely prediction, make it difficult to quote a single rate for a given source
type. Rather, for most sources, we suggest quoting a range of rates taken from Table II (for rates per Myr per Milky
Way Equivalent Galaxy), Table III (for rates per Myr per L10), or Table IV (for rates per Myr per Mpc3) as follows:
plausible rate estimates for ⟨merger type⟩ mergers range from Rlow to Rhigh with a likely rate estimate of around Rre

[citation from the Table]. Detection rates can be similarly quoted from Table V for each generation of the LIGO-Virgo
network; because the configuration of future detectors is not yet fully specified, it may be advisable to say that these
detection rates were computed for a given horizon distance, provided in the first footnote to Table V.

TABLE I: Rate statement terminology.

Abbreviation Rate statement Physical significance

Rmax, Ṅmax
a Upper limit Rates should be no higher than...

Rhigh, Ṅhigh Plausible optimistic estimate Rates could reasonably be as high as...

Rre, Ṅre Realistic estimate Rates are likely to be...

Rlow, Ṅlow Plausible pessimistic estimate Rates could reasonably be as low as...

aThe symbols Rmax, Rhigh, etc., refer to rates per galaxy; the symbols Ṅmax, Ṅhigh, etc., refer to detection rates.

1 L10 ≡ 1010LB,⊙, where LB,⊙ = 2.16× 1033 erg/s is the blue solar luminosity [15].
2 BH-BH rates quoted in the Executive Summary do not include the contribution from dynamical interactions in dense stellar environments;
see Section IVC2 for details.



2) A little about the detectors

Each interferometer can resolve GW’s in a frequency band  1-10^4 Hz

h = ∆L/L ∼ 10
−21

− 10
−22

Mirror suspension system 
reduces effects of ground 

motion by  a factor of 10^12. 
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Upcoming physics and astronomy with GWs
In the coming decades, the new observational window 
of GW astronomy promises to deliver data that will 
transform the landscape of physics, addressing some 
of the most pressing problems in fundamental physics, 
astrophysics and cosmology88,92–95 (see BOX 1). The next 
generation of ground- based GW observatories planned 
for the 2030s, the Einstein Telescope (ET, REF.96) and 
Cosmic Explorer (CE, REF.97) (collectively referred to as 
3G), as well as the LISA58 mission, will observe merging 
black holes and neutron stars when the Universe was 
still in its infancy. PTAs (REF.74) will continue to evolve 
to greater sensitivity. LIGO Voyager98, a major upgrade 
under consideration for the current LIGO observatories 
in the late 2020s, could test some of the key technologies 
needed for the ET and CE and, at the same time, pro-
vide a significant increase in sensitivity over the current 
generation of detectors. With all of these instruments, 
one can expect to witness extremely high SNR events 
that could reveal subtle signatures of new physics. The 
potential of GW science in the next two decades is illus-
trated in FIG. 8, which compares the reach of the current 
ground- based detectors Advanced LIGO and Advanced 
Virgo with that of planned 3G observatories for 1.4–1.4 M⊙  
BNS and 30–30 M⊙ BBH mergers as a function of  
redshift and ‘lookback’ time towards the Big Bang.

Fundamental physics
GW observations, because they explore the most 
extreme conditions of spacetime and of matter, can 
serve as unsurpassed probes of fundamental physics. In 
this section, we will look at the power of this new tool 
in exploring gravity and matter at their most extremes.

Testing GR and modified theories of gravity. GR has 
been a tremendously successful theory in explaining 

current astronomical observations and laboratory 
experiments99–101. Nevertheless, there is a general con-
sensus that GR is, at best, incomplete, representing an 
approximation to a more complete theory that cures 
some or all of its problems102. These issues include the loss 
of information down a black hole103, which contradicts 
unitary evolution of physical states in quantum mechan-
ics; the inevitability of spacetime singular ities104,105, for 
example, at the centre of a black hole where physical 
quantities such as the density and curvature of spacetime 
become infinitely large; a cosmological constant that  
is responsible for the late- time accelerated expansion  
of the Universe106,107, whose value cannot be accounted 
for in the standard model of particle physics108; and the 
lack of a viable formulation of quantum gravity, which 
might resolve all of these problems but has, so far, been 
elusive. These difficulties led to increased interest in 
searching for GR violations in observations in the hope 
that they will provide clues to an alternative theory  
of gravity.

The spacetime curvature at the horizon of a 
black hole of mass M and radius R ~ 2GM/c2 goes as 

~κ GM c R c GM/ = / 82 3 2 , where G is the gravita-
tional constant and c is the speed of light. Note that κ is 
larger for lighter black holes, thus, binary coalescences 
of the lightest astrophysical black holes are, therefore, 
the strongest regions of gravity that we know of and 
are ideal for testing strong field predictions of GR101,102. 
Sub- solar- mass black hole binaries, should they exist, 
would have even greater curvature. Although neutron 
stars are lighter than astrophysical black holes, they 
are not as compact and, hence, probe smaller curva-
ture scales. Black holes also probe regions of greatest 
compactness (or dimensionless gravitational potential) 
defined as Φ = GM/c2R, which is largest for black holes. 
Past experiments such as the Cassini spacecraft109 and 
the double pulsar orbital decay110 verified the validity 
of GR in regimes where fields are moderately strong  
and/or velocities are small compared with the speed 
of light (see FIG. 9). Current and future experiments, 
such as the Event Horizon Telescope (EHT)111 and 
the GRAVITY instrument112, explore the validity of 
GR near massive black holes and, hence, in the small 
curvature, but high compactness, regime. X- ray obser-
vations by the NICER experiment113 probes GR in the 
high curvature and large compactness regime of neu-
tron stars114, whereas GW observations of stellar- mass 
black holes by ground- based detectors (area denoted 
by ‘GW ground’ in FIG. 9) and LISA probe regions’ 
curvature and compactness on a wide range of scales: 
stellar- mass black holes of up to ~5–100 M⊙ (mostly 
ground- based observatories, but also LISA for sources 
that are close by), intermediate- mass black holes of 
102–104 M⊙ (ground- based observatories and LISA) 
and super- massive black holes (SMBHs) of 105–1010 M⊙ 
(LISA at the lower end and PTAs at the higher end of the 
mass range), offering tests of GR over ten orders of mag-
nitude in length scale and twenty orders of  magnitude  
in curvature.

In addition to probing the strong field predictions of 
GR, the vast cosmological distances over which GWs 
travel (redshifts in excess of z ~ 20 both in the case of 
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Fig. 5 | The sensitivity of the LIGO- Virgo network for the ‘O2’ observing run plotted 
as a function of frequency. The vertical axis presents the sensitivity as an amplitude 
spectral density, that is, the strain per unit square root of frequency. The stable,  
narrow spectral features are due to very high- Q mechanical resonances and electrical 
(50- Hz or 60- Hz) coupling. At low frequencies, scattered light, seismic and control noise 
dominate; in the mid- band, thermal noise in the mirror dielectric coatings is the leading 
term. At high frequencies, quantum noise is the limit to sensitivity. Figure adapted with 
permission from REF.26, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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neutron stars. All ground- based detectors use enhanced 
Michelson interferometry with suspended mirrors 
to directly measure a GW’s phase and amplitude. The 
detection of audio- band GWs places extremely strin-
gent demands on the isolation of the mirrors from local 
forces and disturbances. The two US- based Advanced 
LIGO detectors1 have L = 4 km arm lengths, whereas the 
European- based Advanced Virgo3 and the Japan- based 
KAGRA8,9 have L = 3 km arms. Typical strains from astro-
physical sources are on the order of 10−21 or less, thus, 
displacement sensitivities δL of less than ~10−18 m are 
required to detect GWs with sufficient signal- to- noise 
(SNR) ratio. This is an incredibly small displacement; for 
comparative purposes, note that the radius of a proton 
is ~8.5 × 10−16 m.

A schematic view of Advanced LIGO, shown in FIG. 4, 
illustrates the configuration of the current generation 
of ground- based detectors. The mirrors are suspended 
from multi- stage pendulum systems such that, above the 
resonant frequencies of the suspension system (typically 
around 1 Hz), they can be effectively treated as in free 
fall (that is, in a local inertial frame) in the direction of 
light propagation. These suspensions and accompanying 
seismic isolation systems reduce the undesired test- mass 
motion induced by ambient ground motion by about a 
factor of 1012 from 1 Hz to 10 Hz (REFS3,10). In addition to 
seismic noise, there are three primary noise sources that 
currently limit interferometer sensitivity: thermal noise 
produced by random displacements of the mirror surfaces 
that are produced by thermally fluctuating stresses in the 
mirror coatings, substrates and suspensions11; Newtonian 

(or dynamic gravity gradient) noise arising from earth 
(ground) and atmospheric density perturbations directly 
exerting dynamic forces on the mirrors12; and quan-
tum noise resulting from both vacuum fluctuations of 
the EM field that limit phase resolution in the readout 
photodetector (so- called ‘shot noise’) and displace-
ments of the mirrors via quantum radiation pressure noise 
(QRPN), which induce stochastic impulses (or ‘kicks’) 
on the mirrors due to the random arrival time of the 
momentum- carrying photons13.

The effect of QRPN is diminished as the mirror 
mass increases, and both QRPN and shot noise can be 
reduced by injecting quantum- engineered squeezed vac-
uum states of light into the interferometer14. Thermal 
noise manifests itself in a variety of ways in mirror 
coatings, mirror substrates and suspensions15; it can be 
understood from a statistical mechanics perspective as 
infinitesimal internal motions of macroscopic objects 
at non- zero temperatures caused by intrinsic dissipa-
tion (or mechanical loss) in the system. In addition to 
these fundamental noise sources, a very large number 
of technical noises must be identified and overcome, 
which broadly group into laser frequency and intensity 
noises, acoustically and seismically driven scattered  
light noises, sensor and actuator noises, stochastic forces 
from electrical and magnetic fields, and, potentially, 
energy deposited by energetic particles. (More details 
about these noise sources are presented in the last sec-
tion, where we discuss some of the challenges to building 
future ground- based detectors.)

To deliver the best science, a network of globally dis-
tributed interferometers functioning as a unified detec-
tor is required. The Advanced LIGO and Advanced 
Virgo detectors have actively searched the GW sky 
in a highly coordinated campaign during a series of 
observing runs carried out from 2015. FIGURE 5 shows 
the sensitivities of the LIGO and Virgo interferometers 
during the ‘O2’ observing run; in the latest ‘O3’ run, 
the detectors have achieved sensitivities sufficient to 
detect BBH mergers on a weekly basis16.

The KAGRA detector recently joined LIGO and 
Virgo to form the LIGO- Virgo- KAGRA network; the 
LIGO- India17 interferometer will be joining later in 
this decade, dramatically improving the ability of the 
network to confidently detect and locate GW events18 
and providing new methods for testing alternative the-
ories of gravity through enhanced ability to resolve GW 
polarizations19.

The LIGO- Virgo observations have, in a few years, 
already produced revelations about some of the most 
energetic and cataclysmic processes in the Universe. 
From GW150914, and more recent BBH mergers 
observed by the LIGO Scientific and Virgo collabo-
rations, it is now known that there is a population of 
black holes paired in orbitally bound binary systems that 
evolve through the emission of GWs and merge in less 
than a Hubble time (the age of the Universe); that black 
holes of many tens and even hundreds of solar masses 
exist in nature; and that the properties of the observed 
black holes are entirely consistent with GR to within 
current measurement limits16,20–28. The BNS detec-
tion GW170817 and subsequent observations in the  

Inspiral Merger Ringdown

Time (s)
0.30

–1.0

1.0

–0.5

0.5

0.0

0.35 0.40 0.45

St
ra

in
 (1

0–2
1 )

Fig. 1 | The detected gravitational- wave strain amplitude as a function of time for 
GW150914, the first signal detected nearly simultaneously by the LIGO Hanford 
and Livingston observatories on September 14, 2015. The waveforms are shifted and 
inverted to compensate for the slightly different arrival times and different orientations of 
the detectors (red: LIGO Hanford, blue: LIGO Livingston). The upper inset is a simulation 
of the merger produced using numerical relativity to illustrate the evolution of the black 
hole event horizons as the system coalesces and merges. Figure adapted with permission 
from REF.2, CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/).

Michelson interferometer
A device for precisely 
measuring small differential 
displacements using a laser 
light source that is split into 
two perpendicular paths  
(arms) by a beamsplitter and 
reflected back to recombine  
at the beamsplitter. Relative 
displacements between the 
two arms produce phase  
shifts, leading to a change  
in the intensity of the light 
leaving the interferometer.

Thermal noise
Intrinsic noise resulting from 
microscopic atomic motions  
in bulk matter at finite 
temperatures.

Quantum radiation 
pressure noise
Noise resulting from 
fluctuations in the momentum 
imparted to the interferometer 
mirrors when light reflects  
off their surface.

BBH mergers
The collision and fusion of  
two orbitally bound black  
holes to form a more massive 
black hole.
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The Signal

chirp



Classification of Events and What LIGO/VIRGO 
Captures in the Bucket

Frequency at last stable orbit 
(plunge)

fISCO = 2.2

✓
M�
mT

◆
kHz

Terrestrial interferometers (TI) can only see stellar mass black holes and neutron stars

Ncycles = 1.6⇥ 104
✓
10Hz

fmin

◆5/3 ✓1.2M�
Mc

◆5/3

.
Mc =

(m1m2)3/5

(m1 +m2)1/5

For LIGO-VIRGO the detector can track thousands of cycles,  
necessitates  precise theoretical prediction

(``Chirp mass’’)

h ⇠ G

r
M̈Wave 

Amplitude:

M : Second mass moment of binary

Limits fiducial volume Ad-LIGO: 300 Mpc



Reconstructing Event Parameters

Leading order (``easy’’): Masses, Spins, Orbital plane, distance, direction 

Next to Leading order: Internal Dynamics (gravitational susceptabilities)

Rely about theoretical predictions to produce bank of templates 
(more on this later)

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016
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Parameter Estimation via 
Matched Filtering

s(t) = h(t) + n(t)Detector 
Output

n(t) Stochastic 
Noise

1

T

Z T

0
dt s(t)h(t) =

1

T

Z T

0
dt h(t)2 +

1

T

Z T

0
dt n(t)h(t)

Washes out 

Theoretical prediction

Stochastic noise dominates the signal necessitating precision theoretical 
templates for parameter extractions



OBSERVABLE (indirect)

BH Mass spectrum: 

Black holes masses depend upon two factors:

ṁ ⇠ Z�

  2) The progenitor mass  
(mechanism of core collapse)

``pair instability mass gap”

T > 2me

MHe
core > 60M�

various metallicities

1)The metalicity (Z) 
(stellar winds)

M > 40M�
(No SN direct to BH,  
 leads to larger BH’s)

(Softens equation of state 
leading to instability and 

explosion with no remnant)

Mapelli, Front. Astron. Space Sci., 09 July 2020

3) SCIENCE OBJECTIVES

zero-age main-sequence (ZAMS) mass of the progenitor star (MZAMS)



The rate of BH-BH inspirals: 

OBSERVABLE This number is a function of the stellar population at 
a given redshift as well as the capture rate. The 

plunge time must be less than the age of universe. 
This is theoretical challenge as in isolation this is 

highly improbable.

Two mechanisms which can hasten 
decay are ``common core 

formation’’ (LHS) and ``dynamical 
formation’’(RHS)



The NS mass spectrum: 

OBSERVABLE
In general it is very difficult if not impossible to 

distinguish between a BH-NS and BH-BH merger 
without an accompanying E+M signal. NS-NS 

mergers are much more likely to have E+M signal.

The mass spectrum is sensitive to the Equation Of State(EOS)

1.9M� < MNS  2.3M�

At this point it is still unknown 
whether or not the EOS is 

``hadronic’’ or ``quark-gluon”.



Detailed shape of signal
OBSERVABLE Detailed shape of the signal contains 

information about the ``microscopic 
physics”.

1) Tidal deformability depends upon EOS:

Q ⇠ �rrhInduced quadrapole moment

``Love Number’’�

2) Tests of GR in the strong field regime (testing modified gravity)

0123456789();: 

Upcoming physics and astronomy with GWs
In the coming decades, the new observational window 
of GW astronomy promises to deliver data that will 
transform the landscape of physics, addressing some 
of the most pressing problems in fundamental physics, 
astrophysics and cosmology88,92–95 (see BOX 1). The next 
generation of ground- based GW observatories planned 
for the 2030s, the Einstein Telescope (ET, REF.96) and 
Cosmic Explorer (CE, REF.97) (collectively referred to as 
3G), as well as the LISA58 mission, will observe merging 
black holes and neutron stars when the Universe was 
still in its infancy. PTAs (REF.74) will continue to evolve 
to greater sensitivity. LIGO Voyager98, a major upgrade 
under consideration for the current LIGO observatories 
in the late 2020s, could test some of the key technologies 
needed for the ET and CE and, at the same time, pro-
vide a significant increase in sensitivity over the current 
generation of detectors. With all of these instruments, 
one can expect to witness extremely high SNR events 
that could reveal subtle signatures of new physics. The 
potential of GW science in the next two decades is illus-
trated in FIG. 8, which compares the reach of the current 
ground- based detectors Advanced LIGO and Advanced 
Virgo with that of planned 3G observatories for 1.4–1.4 M⊙  
BNS and 30–30 M⊙ BBH mergers as a function of  
redshift and ‘lookback’ time towards the Big Bang.

Fundamental physics
GW observations, because they explore the most 
extreme conditions of spacetime and of matter, can 
serve as unsurpassed probes of fundamental physics. In 
this section, we will look at the power of this new tool 
in exploring gravity and matter at their most extremes.

Testing GR and modified theories of gravity. GR has 
been a tremendously successful theory in explaining 

current astronomical observations and laboratory 
experiments99–101. Nevertheless, there is a general con-
sensus that GR is, at best, incomplete, representing an 
approximation to a more complete theory that cures 
some or all of its problems102. These issues include the loss 
of information down a black hole103, which contradicts 
unitary evolution of physical states in quantum mechan-
ics; the inevitability of spacetime singular ities104,105, for 
example, at the centre of a black hole where physical 
quantities such as the density and curvature of spacetime 
become infinitely large; a cosmological constant that  
is responsible for the late- time accelerated expansion  
of the Universe106,107, whose value cannot be accounted 
for in the standard model of particle physics108; and the 
lack of a viable formulation of quantum gravity, which 
might resolve all of these problems but has, so far, been 
elusive. These difficulties led to increased interest in 
searching for GR violations in observations in the hope 
that they will provide clues to an alternative theory  
of gravity.

The spacetime curvature at the horizon of a 
black hole of mass M and radius R ~ 2GM/c2 goes as 

~κ GM c R c GM/ = / 82 3 2 , where G is the gravita-
tional constant and c is the speed of light. Note that κ is 
larger for lighter black holes, thus, binary coalescences 
of the lightest astrophysical black holes are, therefore, 
the strongest regions of gravity that we know of and 
are ideal for testing strong field predictions of GR101,102. 
Sub- solar- mass black hole binaries, should they exist, 
would have even greater curvature. Although neutron 
stars are lighter than astrophysical black holes, they 
are not as compact and, hence, probe smaller curva-
ture scales. Black holes also probe regions of greatest 
compactness (or dimensionless gravitational potential) 
defined as Φ = GM/c2R, which is largest for black holes. 
Past experiments such as the Cassini spacecraft109 and 
the double pulsar orbital decay110 verified the validity 
of GR in regimes where fields are moderately strong  
and/or velocities are small compared with the speed 
of light (see FIG. 9). Current and future experiments, 
such as the Event Horizon Telescope (EHT)111 and 
the GRAVITY instrument112, explore the validity of 
GR near massive black holes and, hence, in the small 
curvature, but high compactness, regime. X- ray obser-
vations by the NICER experiment113 probes GR in the 
high curvature and large compactness regime of neu-
tron stars114, whereas GW observations of stellar- mass 
black holes by ground- based detectors (area denoted 
by ‘GW ground’ in FIG. 9) and LISA probe regions’ 
curvature and compactness on a wide range of scales: 
stellar- mass black holes of up to ~5–100 M⊙ (mostly 
ground- based observatories, but also LISA for sources 
that are close by), intermediate- mass black holes of 
102–104 M⊙ (ground- based observatories and LISA) 
and super- massive black holes (SMBHs) of 105–1010 M⊙ 
(LISA at the lower end and PTAs at the higher end of the 
mass range), offering tests of GR over ten orders of mag-
nitude in length scale and twenty orders of  magnitude  
in curvature.

In addition to probing the strong field predictions of 
GR, the vast cosmological distances over which GWs 
travel (redshifts in excess of z ~ 20 both in the case of 
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Fig. 5 | The sensitivity of the LIGO- Virgo network for the ‘O2’ observing run plotted 
as a function of frequency. The vertical axis presents the sensitivity as an amplitude 
spectral density, that is, the strain per unit square root of frequency. The stable,  
narrow spectral features are due to very high- Q mechanical resonances and electrical 
(50- Hz or 60- Hz) coupling. At low frequencies, scattered light, seismic and control noise 
dominate; in the mid- band, thermal noise in the mirror dielectric coatings is the leading 
term. At high frequencies, quantum noise is the limit to sensitivity. Figure adapted with 
permission from REF.26, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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3) Dark Matter ULDM:

Heavy DM: DM stars could have distinctive EOS  
(maximal parity violation?)

Could form halos extract mass  
and angular momentum via super-radiance instability 

4) Cosmology Measure the Hubble Parameter to within a few percent 
with KAGRA and LIGO-India and EM observations.  

Only relies on a standard siren of multi-messenger event.



4) What have  we learned so far?



theory mass gap



- Behavior of black holes is entirely consistent with 
GR. GW travel at the speed of light, up to one part in 

10^(-15). GW are tensor (spin 2) particles.

- First Definitive Link between BH-NS mergers and gamma ray 
bursts. Birth of multi-messenger Astronomy.

- First conclusive proof that BH-NS mergers create heavy  
elements via r-process nucleosynthesis (spectroscopy)

-
- Learned a lot about BH formation via the  mass spectrum 

and event rate. Second generation BH fill the mass gap? 
Higher metalicity environments? 



5) Effective Field Theory approach

``The problem of Motion’’

Radiation causes inspiral

Tidal effects induce multipole 
moments which then effects 
the force between objects

Back reacts changes the 
radiation pattern and the 

inspiral rate.

Excitation of internal modes 
leads to power loss and 
hastens the inspiral rate

(Goldberger/
IZR 2006)
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This is a multi-scale problem, perfectly suited for study 
using the renormalization group and Effective Field Theory

Coarse Graining Procedure

r
R

One composite object with 
dynamical multipole 

moments

Stage 1

Stage 2



Sharp Analogy with Quarkonium

r
R

Onia

Heavy 
Quarks

This step is missing  
in QCD, since quarks 

are fundamental



Onia Binary

Short
distances

Strong 
coupling

Weak Coupling 
Coulomb Phase

Long
 Distances Confinement Minkowski Space

Non-
Linearities Controlled by v2

Quantum 
Effects

Controlled by 
Controlled by 

↵s ⇠ v

↵s ⇠ v
(Mplr)

2 ⇠ ~/L
Allows for Strong 
Classical gravity

Controlled by 



Onia Binaries

Physical Observables:

Decay Products

Extract:  Spectrum

hµ⌫(r ! 1)

LIGO strain

Phase and 
Amplitude contains 

all information 

↵s(mv)m

hOi Condensates

mi, Si, L
A
i



• Classical Sources

• Quantum Effects are highly suppressed 

• Sources are not fundamental (i.e. have internal 
structure)

• NRQCD is valid to arbitrarily short distances 
(asymptotic freedom), but breaks down at long 
distances (confinement). NRGR breaks down at 
short distances as constituents begin to overlap, 
but is valid to arbitrarily long distances.

In the 90’s a theory termed ``NRQCD’’ was developed to describe 
quarkonia (Caswell and Lepage)

NRGR (Non-Relativistic General Relativity)
Key Distinctions:

(W. Goldberger/
IZR)

Were going to exploit this sharp analogy to utilized tools of quantum field theory  
to make precise predictions for the signal 
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Sharp Analogy 
between the binaries 
and bound states of 

heavy quarksSpin 2spin 1

However, non-
linearities are quite 

distinct



The analogy does not stop there. It turns out that the quantum 
mechanical scattering amplitudes from one theory can be 

determined directly from the other!!!, both described by gauge 
theories that are intimately related

KLT/BCJ double copy relations for scattering amplitudes

More on this later

AGR ⇠ A2
QCD

 

r Product of two open 
string amplitudes

Closed String 
Amplitude



How do we mathematically perform this coarse 
graining procedure?

Matching

Full Theory (i.e. exact)

L(hµ⌫ , T
matter
µ⌫ )

Coarse Grained  (effective) Theory

(collection of point particles i=1,2)

LEFT (hµ⌫ , xi)

S =
X

i

Z
mid⌧

How do we include finite  size effects?

Take a clue from Electro-Dynamics:        Finite size leads to polarizability

S =
X

i

Z
(�E

i
~E2 + �B

i
~B2)d⌧



Gravitataional Case is literally analogous

S =
X

i

Z
(�E

i
~E2 + �B

i
~B2)d⌧

To calculate Love numbers we put the system in a background 
field and calculate the response, for a BH it is ZERO!!!!

~E, ~B ⇠ rrh

BH really are like fundamental 
particles

This seems like a remarkable fine tuning, much like the CC or Weak 
scale. However, recently it has been shown that BH’s have an 

enhanced near horizon symmetry (Penco et. al.)

LIGO has the ability to test this remarkable prediction. How does the Love 
number contribute to the signal?



Next stage of coarse graining

So far we have not made any approximations except a multipole expansion. 
Assumed we only probe distance large compared to the size of the object.

S =
X

i

Z
(�E

i
~E2 + �B

i
~B2)d⌧ +O(Rn/rn)

To make further analytic progress we will 
consider the early stages of the inspiral v/c ⌧ 1

gµ⌫ = ⌘µ⌫ +O(v2)

Allows us to expand around flat space. (``Post-Newtonian expansion’’)

nPN ~ v^(2n)Notation:



It can be shown that the Love number does not come in until 
5PN! (``effacement theorem”) (D’amour).  This means we need 
to make all of our prediction at this level to be able to extract 

the Love number. What needs to be calculated?

Next stage of matching is done in an expansion in v/c. 
Integrate out all Fourier components of the gravitational field 

with Fourier components  k>1/r.

h = h
pot

+ h
rad

(k > 1/r) (k < 1/r)

i

Calculate              in a systematic expansion in vVi(r)

=
GM1M2

r
Newton

L =
X

i

(
1

2
miv

2
i + ....)(1 + F (hrad)) +

X
Vi(r)(1 +G(rad))



⊗

v
0

v
1

O(v2) Lagrangian corrections:
v
1

v
2

Leads to Einstein-Infeld-
Hoffman Potential

These potentials have been calculated to 5PN using these 
techniques (Foffa and Strani, Blanchet et. al.)

Number of Feynman diagrams grows 
factorially with PN order



Using Modern Scattering Amplitude 
Methods To Reduce Work Load

(D. Neill/IZR)

Factorial growth in number of Feynman diagrams 
(>100 at 4PN) a consequence of carrying around 

gauge dependent junk

Once we have the gravitational on-shell tree level scattering amplitudes we may construct

the potential by sewing together these amplitudes using generalized unitarity [11]. This

determines the GR amplitude for the scalar-scalar scattering. Since we are interested only

in the long-distance classical pieces of the scattering amplitude we need only consider t-

channel cuts as shown in figure (1). Unitarity relates the discontinuity in an amplitude to a

FIG. 1. Reconstructing the full scalar-scalar S-matrix by sewing together the scalar-scalar n point

on shell scattering amplitudes.

product of lower loop amplitudes, with a summation over physical states being exchanged

between the amplitudes. In this way, one can construct an integrand that has the same

analytic and singularity structure as the corresponding sum of feynman diagrams3. For

the determination of the potential, only a restricted set of cuts need to be considered. In

particular only two particle irreducible diagrams can contribute to the classical potential

(see the appendix for a proof of this statement). Furthermore classicality also implies that

we need not consider loops with only massless particles. Thus to fix the Gn
N contribution

to the classical potential, one only needs to consider the contribution from the product of

ss ! (n)g tree amplitudes.

III. DEFINITION OF THE POTENTIAL

The classical potential for extended sources can be extracted by working within the

confines world-line e↵ective theory[6, 12] where the sources are treated classically. In this

method the potential follows by calculating all two-particle irreducible diagrams and the

classical and quantum pieces are easily distinguished. However, this procedure relies upon a

space-time action and thus will not su�ce for our purposes. We must choose a di↵erent route

3 It is precisely these singular terms that determine the long distance interactions. Thus we can ignore the

e↵ect of possible rational terms missed in the unitarity method.

5

on-shell 
M + (ng) ! M + (ng)

Sew together 
on-shell 

amplitudes
(BCFW)



(Cheung, IZR and Solon)

Using Amplitude methods we were able to Calculate the potential to 
all orders in velocity at  O(G2)

4

mass coordinates where the incoming and outgoing par-
ticle momenta are ±p and ±(p − q), respectively. We
emphasize that M3 includes the nonrelativistic normal-

ization factor, 1/4E1E2, where E1,2 =
√
p2 +m2

1,2. We

also define the total mass m = m1 +m2, the symmetric
mass ratio ν = m1m2/m2, the total energy E = E1+E2,
the symmetric energy ratio ξ = E1E2/E2, the energy-
mass ratio γ = E/m, and the relativistic kinematic
invariant σ = p1·p2

m1m2
. Note that the arcsinh factor is

actually proportional to the sum of particle rapidities,
arctanh |p|/E1,2.
Eq. (8) only includes q-dependent terms which persist

in the classical limit. In particular, the log q2 term ulti-
mately feeds into the conservative Hamiltonian through
the Fourier transform

[
log q2

]
FT

= − 1
2π|r|3 . Meanwhile

the remaining IR-divergent contributions, parameterized
by F1 =

∫
k1

1
X2

1
Y1X2

and F2 =
∫
k1,k2

1
X2

1
Y1X

2
2
Y2X

2
3

in the

notation described in Eq.(12) of Ref. [21], will cancel in
the EFT matching.
The Hamiltonian is extracted from the amplitude via

EFT methods developed in Refs. [21, 22, 34] (see Ref. [12]

for another approach). Consider massive spinless parti-
cles interacting via the center-of-mass Hamiltonian

H(p, r) =
√
p2 +m2

1 +
√
p2 +m2

2 + V (p, r),

V (p, r) =
∞∑

i=1

ci(p
2)

(
G

|r|

)i

,
(9)

where r is the distance vector between particles and i la-
bels PM orders. The above Hamiltonian is in a gauge in
which terms involving p·r or time derivatives of p are ab-
sent. We then compute the scattering amplitude of mas-

sive scalars, M(EFT) =
∑∞

i=1 M
(EFT)
i , where M(EFT)

3
comes from diagrams with two or fewer loops that de-
pend on c1, c2, and c3. In Ref. [21], the coefficients c1
and c2 were extracted analytically to all orders in veloc-

ity. Inserting these into M(EFT)
3 effectively implements

the subtraction of iterated contributions. By equating

M(EFT)
3 = M3, we solve for the 3PM coefficient c3.
The main result of the present work is the 3PM poten-

tial, encapsulated in the coefficients

c1 =
ν2m2

γ2ξ

(
1− 2σ2

)
, c2 =

ν2m3

γ2ξ

[
3

4

(
1− 5σ2

)
−

4νσ
(
1− 2σ2

)

γξ
−

ν2(1 − ξ)
(
1− 2σ2

)2

2γ3ξ2

]

,

c3 =
ν2m4

γ2ξ

[
1

12

(
3− 6ν + 206νσ − 54σ2 + 108νσ2 + 4νσ3

)
−

4ν
(
3 + 12σ2 − 4σ4

)
arcsinh

√
σ−1
2√

σ2 − 1

−
3νγ

(
1− 2σ2

) (
1− 5σ2

)

2(1 + γ)(1 + σ)
−

3νσ
(
7− 20σ2

)

2γξ
−

ν2
(
3 + 8γ − 3ξ − 15σ2 − 80γσ2 + 15ξσ2

) (
1− 2σ2

)

4γ3ξ2

+
2ν3(3− 4ξ)σ

(
1− 2σ2

)2

γ4ξ3
+

ν4(1− 2ξ)
(
1− 2σ2

)3

2γ6ξ4

]

,

(10)

where for convenience, the expressions for c1 and c2 in
Ref. [21] are reproduced here with slightly different nor-
malization and in our current notation. As emphasized
in Ref. [21], the cancellation of IR divergences between

M(EFT)
3 and M3 depends critically on c1 and c2 and thus

provides a nontrivial check of our calculation.
Consistency checks. Our results pass several nontrivial
albeit overlapping consistency checks (see Ref. [24] for
details). First and foremost, we have verified that the
4PN terms in our Hamiltonian are equivalent to known
results up to a canonical coordinate transformation,

(r,p) → (R,P ) = (A r +B p, C p+D r)

A = 1− Gmν

2|r| + · · · , B =
G(1 − 2/ν)

4m|r| p · r + · · · ,

C = 1 +
Gmν

2|r| + · · · , D = −Gmν

2|r|3 p · r + · · · ,

(11)
with ellipses denoting higher order corrections entering

as a power series in G/|r|, p2, and (p · r)2/r2 (for past
treatments, see Ref. [35, 36]). To derive this coordinate
transformation we generate an ansatz for A,B,C,D and
constrain it to preserve the Poisson brackets, i.e. {r,p} =
{R,P } = 1 with all other brackets vanishing, in the
spirit of Ref. [37]. We verify that within this space of
canonical transformations exists a subspace which maps
our Hamiltonian in Eq. (10) to the one in the literature,
e.g. as summarized in Eq.(8.41) of Ref. [9], up to the
intersection of 3PM and 4PN accuracy.

Second, applying the methods of Ref. [21] we have
checked that the full-theory amplitude M3 in Eq. (8)

is identical to the amplitude M(EFT)
3 computed from the

conservative Hamiltonian in Ref. [9] up to 4PN accuracy.

Third, we have extracted from our Hamiltonian the
coordinate invariant energy of a circular orbit as a func-
tion of the period. Working at 2PN order—the highest
order subsumed by 3PM which is relevant to a virialized
system—we agree with known results [8].

Recently extended to by Bern et. al and Porto et. alO(G4)



Minus sign error



But we are not quite done: We have calculated the potential which yield 
the equations of motion but we still need to calculate the radiation!

L =
X

i

(
1

2
miv

2
i + ....)(1 + F (hrad)) +

X
Vi(r)(1 +G(rad))

L1�body

= Q
E

(t) · E +Q
B

(t) ·B + ....

Leading order 
power loss: 



Cut for time

-Dissipation (4PN) : leading order finite size effect for BHs’

-Radiation reaction forces

-Gravitational Lamb Shift (classical)

-Re-Summing Logs (non-trivial classical RG flow)

-Spin



0123456789();: 

EM domain collectively comprise the first demonstra-
tion of GW–EM multi- messenger astronomy, providing 
an astounding wealth of knowledge, including the first 
definitive link between BNS merger progenitors and 
short gamma- ray bursts29–37; the first definitive obser-
vation of a kilonova38–46, conclusive spectroscopic proof 
that BNS mergers produce heavy elements through 
r- process nucleosynthesis40,47–52; the first demonstration 
that GWs travel at the same speed as light to better than 
a few parts in 1015 (REF.29); and an independent method 
for measuring the Hubble constant using detected GWs 
as a ‘standard siren’ for determining the absolute distance 
to the source53–55. Additionally, the Advanced LIGO and 
Advanced Virgo detections have enabled tests of GR in 
the strong gravity regime that were inaccessible to other 
experiments and astronomical observations56,57, moti-
vating research on many fronts in fundamental physics 
and astrophysics. This only represents a brief overview of 
the recent discoveries and, as we discuss in detail below, 
captures only a fraction of the potential science afforded 
by future GW observations.

Space- based detectors
When launched in the mid-2030s, the Laser Inter-
ferometer Space Antenna (LISA)58 will possess a breath-
taking scientific portfolio. LISA will explore much of 

the GW Universe in the frequency band from 100 μHz 
to 100 mHz. A constellation of three satellites separated 
by 2.5 × 109 m in an Earth- trailing orbit, LISA will be 
capable of detecting the first seed black holes formed 
out to redshifts z ~ 20 or more59, and intermediate- mass 
and ‘light’ super- massive coalescing black hole systems 
in the 102–107 M⊙ (solar mass) range, thus, tracing the 
evolution of black holes from the early Universe through 
the peak of the star formation era. Through detections 
of extreme mass ratio inspirals (EMRIs, binary systems 
with mass ratios as small as ~10−6)60, LISA will directly 
map the curvature of spacetime at the event horizons of  
massive black holes, yielding even more precise tests  
of GR in the strong gravitational field regime. LISA 
might also detect stellar- mass BBH systems years before 
they are detectable by ground- based detectors61, and 
provide very precise sky localization of such events for 
EM follow- up. By discovering new sources of galactic 
compact binaries comprised of white dwarfs, neutron 
stars and stellar- mass black holes, LISA will survey the 
predominant population of binary compact objects and 
map the structure of the Milky Way62.

The LISA Pathfinder (LPF)63, launched in 2015 and 
operated until mid-2017, has paved much of the way 
for the full- scale LISA mission. LPF was a European 
Space Agency (ESA) mission, with contributions from 

Wave period

Wave
frequency

Years

Radio pulsar timing arrays Terrestrial interferometersSpace-based interferometers

(Super-)massive black hole inspiral and merger

Extreme-mass-
ratio inspirals

Detectors

10210–210–410–610–10 10–8 1
Hours Seconds Milliseconds

Big BangSources

Compact binary inspiral and merger

Pulsars, supernovae

Fig. 2 | The gravitational- wave spectrum probed by strain- sensitive gravitational- wave detectors, ranging from 
10−9 Hz to more than 1,000 Hz. The source classes are shown above the spectrum and the detectors below. The portion  
of the gravitational- wave spectrum below 10−9 Hz probed through measurements of the cosmic microwave background 
polarization is not shown.

Multi- messenger astronomy
A new field that explores the 
Universe collectively using  
the information carried by 
photons, gravitational waves, 
neutrinos and cosmic rays.

Nucleosynthesis
r- Process nucleosynthesis 
stands for ‘rapid neutron 
capture nuclear process’, 
whereby a nucleus rapidly 
increases its atomic number by 
repeatedly capturing neutrons 
in a neutron- rich environment.

Standard siren
A gravitational- wave source 
that is determining the 
absolute distance to  
the source.

Extreme mass ratio 
inspirals
The orbit of a binary system in 
which the more massive object 
is greater than the less massive 
object by ~10,000 or more.
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The future of GW Astronomy



The future is bright for this field, we will certainly learn a lot about 
astrophysics, and dense hadronic matter. But whether or not we 

learning anything about BSM physics…..??


