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                       Talk Outline
 Past: 

– gravitational wave theory

– detection attemps

– confirmation
 Present: 

– LIGO-Virgo searches 

– gravitational wave detection

– implications
 Future: 

– LISA

– third generation detectors 

– atom interferometers

– other methods
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General Relativity

1915: Einstein’s Theory of General Relativity

1916: Einstein paper on linear approximation 
to general relativity with multiple applications, 
including gravitational waves. 

Approximative Integration of the Field Equations of Gravitation
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Gravitational Waves

“… in all conceivable cases, A must have a practically 
vanishing value.”

Gravitational waves are predicted by Einstein, but he 
recognizes that they are too small.
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Gravitational Waves

On Gravitational Waves – 1918

Einstein works out the remaining details on gravitational waves: 
emission (quadrupole), polarizations, they carry energy, etc 
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While we are at it … Black Holes!

 On the gravitational field of a mass point according to Einstein's theory

The concept of a “Black Hole” was not recognized by Schwarschild:
A. Eddington 1924, G. Lemaître 1933, R. Oppenheimer 1939, D. Finkelstein 1958, 
…  
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Are Gravitational Waves Real?

Continued debate on whether gravitational waves really exist up until 
1957 Chapel Hill conference.

Felix Pirani paper and presentation: relative acceleration of particle pairs  
can be associated with the Riemann tensor. The interpretation of the 
attendees was that non-zero components of the Riemann tensor were 
due to gravitational waves.

Sticky bead (Felix Pirani, Richard 
Feynman, Hermann Bondi)

Joe Weber of  the University of 
Maryland, and from this inspiration 
started to think about gravitational wave 
detection. 
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What Are Gravitational Waves?

● General relativity (1916) prediction.

● Gravity is not really a force in GR, but a space-time deformation.

● Masses locally deform space-time.

● Accelerated masses emit gravitational 

 waves, ripples in space time.

● Space-time is rigid:

The amplitude of the deformation is tiny. 

Need cataclysmic events in order to

expect to measure something on Earth … h ~ 10-21

● Gravitational Wave sources: mainly astrophysical in the 10 Hz -10 kHz 
bandwidth
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Gravitational Waves
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Effect Of A Gravitational Wave

“+” polarization:

“x” polarization:

ΔL
L

=
h
2

“strain”



Binary Pulsar PSR 1913+16

M1 = 1.438 M
o
 

M2 = 1.390 M
o

8 hour orbit
Orbit decays  by 
3mm per orbit.

Discovered in 
1974 by Russell 

Hulse and 
Joseph Taylor, 

then at 
University 

Massachusetts.



A Nobel Prize for ...

“… for the discovery of a new type of pulsar, a discovery that 
has opened up new possibilities for the study of gravitation.” 
1993

For more on this Nobel, see,  "The Nobel pulsar", Nelson 
Christensen. Science, Vol. 348 no. 6236 p. 766 (2015).



First Proof That Gravitational 
Waves Exist - 1982



Gravitational Wave Proof

Taylor and Weisberg, 1982



Binary Pulsar Studies Continue

“The points, with error bars 
too small to show, represent 
our measurements”



Gravitational Wave Detection

Inspired and motivated by the Chapel Hill Conference, Joe Weber of the 
University of Maryland constructs the first gravitational wave detectors. 

 "In 1958 I was able to prove, using Einstein's equations that a 
gravitational wave would change the dimensions of an extended body."



1960s & 70s: 
Detection claims 
and theoretical  

studies on 
sources 

K. Thorne 1980



Interferometric GW Detectors
First suggestion: 1962 two Soviet physicists, V.I. Pustovoit and M.E. Gertsenshtein, 
noted that the use of a Michelson interferometer would be a possible means to 
detect gravitational waves over a frequency range that was broader than the Weber 
bars.

1970’s, Robert Forward (student of Weber) at Hughes Aircraft builds a small 
Michelson interferometer to search for gravitational waves. Credits Rainer Weiss 
(MIT) and astronaut Philip Chapman (also at MIT) for inspiration.   



Rai Weiss Interferometer Study
1972: Weiss produces the first 
detailed study for a realistic 
interferometric gravitational 
wave detector. 
Systematically addresses a 
number of realistic noise 
sources:  
● Amplitude Noise in the Laser 

Output Power
● Laser Phase Noise or 

Frequency Instability
● Mechanical Thermal Noise in 

the Antenna
● Radiation-Pressure Noise 

from the Laser Light
● Seismic Noise
● Thermal-Gradient Noise
● Cosmic-Ray Noise
● Gravitational-Gradient Noise
● Electric Field and Magnetic 

Field Noise



Prototype Interferometric Detectors

1970s and 80s: 
Interferometers 
constructed at 
Garching
Glasgow
MIT
Caltech

The interferometer 
technology started 
progressing rapidly.

MIT 1.5 m delay line Michelson Interferometer



1980s LIGO is Born

Thorne, Drever (Caltech)

Weiss (MIT)

National Science Foundation



While in Europe … Virgo

A. Brillet (Orsay, Nice)
Lasers, Optics

A. Giazotto (Pisa)
Vibration Isolation
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Sources: Compact Binary Coalescence

 Compact binary objects:
» Two neutron stars and/or 

black holes.
 Inspiral toward each other.

» Emit gravitational waves 
as they inspiral.

 Amplitude and frequency of the 
waves increases over time, 
until the merger.

 Waveform relatively well 
understood, matched 
template searches.



Sources: Bursts

 Many potential transient sources:
» Supernovae: probe the explosion mechanisms.
» Gamma Ray Bursts: collapse of rapidly rotating 

massive stars or neutron star mergers.
» Pulsar glitches: accretion.
» Cosmic strings cusps and kinks.

 Models are ok, but not essential:
» Search for power excess in the data.
» Search for any short signal with measurable 

strain signal.

Aspherical  outflows

Rotational 
instabilities

Convection
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Sources: Periodic

 Pulsars with mass non-uniformity:
» Small “mountain”.
» Density non-uniformity.
» Dynamic processes inside 

neutron star, leading to 
various instabilities.

 Produce gravitational-waves, often at 
twice the rotational frequency.

 Waveform well understood:
» Sinusoidal, but Doppler-

modulated.
 Continuous source!
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Sources: Stochastic

 Incoherent superposition of 
many unresolved sources.

 Cosmological:
» Inflationary epoch, 

preheating, reheating
» Phase transitions
» Cosmic strings
» Alternative cosmologies

 Astrophysical:
» Supernovae
» Magnetars
» Binary black holes

 Potentially could probe physics 
of the very-early Universe.
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The Detectors
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Advanced LIGO – Advanced Virgo

Built on the experience gained from the first generation 
detectors

Built on the experience gained from the first generation 
detectors

Built on the experience gained from the first generation 
detectors
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Advanced LIGO

 Initial LIGO: 2005-2010. 
 Advanced LIGO 

commissioned 2010-2015.
» Increased laser power
» Sophisticated 

seismic/vibration 
suppression

» Quadruple pendula 
suspensions

» Larger mirrors, better 
suspension material

» More complex and 
versatile interferometer 
configuration. 

Classical and Quantum Gravity 32, 074001 (2015)
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Advanced Virgo

●  Larger mirrors; better optical quality.
●  Higher finesse of the arm cavities
●  Increased laser power.
●  Coming on-line in Summer 2017.

AdV TDR: VIR-0128A-12 https://tds.ego-gw.it/?content=3&r=9317

https://tds.ego-gw.it/?content=3&r=9317
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Advanced Virgo

Mirror

Beamsplitter

The optical components are very large, 
but their quality is exquisite. 
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A Century Of Theoretical Developments 
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GW150914

 Band-pass filter: 

35-350 Hz
 L1-H1 time delay of 

about 7ms.
 Chirp signal, typical of 

binary coalescences.
 Detected by online burst-

search pipelines.
 Confirmed later matched 

template searches.
 Combined SNR: 24.

Physical Review Letters, Vol. 116, p. 061102 (2016)



September 14, 2015

Top of my Inbox at 6am, September 14, 2015



The Word From Above

September 14, 2015, 11:58 am Central. “The BI team has indicated 
that they have not carried out a blind injection nor an untagged 
hardware injection.” Dave Reitze, Executive Director of the LIGO 
Laboratory. 



The Results
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GW151226 – A Success For Matched Filtering

30-600 Hz bandpass

Physical Review Letters, Vol. 116, p. 241103 (2016)



38

O1 Events

Image Credit - LIGO
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GW170104 – O2 Observing Run BBH Detection
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Black Hole Population

Image Credit LIGO
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Astrophysics: Binary Black Hole Formation

● Isolated Binaries

● Solar to Population III

● Rapid rotation

● Dense Clusters

● Globular clusters

● Young clusters

● Galactic centers

Arxiv 1602:02444, 1604:04254
Belczynski et al. 2016

Low metallicity 
environment 
needed for large 
stellar mass black 
hole formation
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Spin Observations Are Becoming Interesting

GW150914

GW151226
GW170114

LVT151012

Cluster Formation?Isolated Binary Formation?
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Binary Black Hole Merger Rate
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Testing General Relativity

Modified Gravity Theories : Searches including extra polarizations (Stochastic and CW)

Posterior density distributions for relative deviations in the PN, 
intermediate, and merger-ringdown parameters. 
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Implications for a Stochastic 
Background of GWs

Probing compact binary decays predominantly between z ~ 1 – 3.

Source redshift probability distribution for binary neutron stars 
and  (blue) and binary black holes (red).

Physical Review D, Vol. 92, p. 063002 (2015)
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Implications for a Stochastic 
Background of GWs

Based on the Field formation mechanism, assuming 
GW150914 parameters.

Assumptions are necessary; best information available in 
literature.

Abbott et all (LIGO-Virgo) Physical Review Letters 116, 131102 (2016)



5151

O1 isotropic stochastic search 

Indirect limits: PhysRevX.6.011035
‘‘CMB temperature and polarization power spectra, lensing, BAOs and BBN‘‘

Phys. Rev. Lett. 118, 121101 (2017)

  
gw(25Hz)  1.7 107
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Future Observing Runs

Observing Run O2 started November 30, 2016. Should last until end of August.



Expected Advanced LIGO-Virgo Sensitivities 



A detector network

Virgo

GEO

LIGO Livingston

LIGO Hanford



Virgo

GEO

LIGO Livingston

LIGO Hanford

LIGO India

KAGRA

An even better detector network
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Advanced LIGO/Virgo sky localization

BNS source @ 80 Mpc

BNS source @ 160 Mpc

2016-2017 runs 2018-2019 runs

2019+ runs HLV + LIGO India 2022+
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LIGO – Virgo Summary

● Gravitational waves have been observed

● The universe has more stellar mass black holes than expected

● A stochastic background of gravitational waves from throughout the history 
of the universe could be observed in a few years

● Intensive effort to find burst, compact binary coalescence, continuous wave, 
and stochastic signals.

● Looking for signals in coincidence with electromagnetic and neutrino 
signals.

● Observing run O2 is ongoing, with Virgo joining in a couple of months

● KAGRA and LIGO-India will join in the coming years

● The future looks bright for ground based detectors
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Gravitational Wave Spectrum
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Laser Interferometer Space Antenna - LISA

ESA – All Systems GO!

Recent “Call” for mission

Acceptance - soon?

Planned launch 2034

NASA coming back

Earlier launch? 2028?

LIGO GW events and
Lisa Pathfinder success
have helped significantly

Tremendous activity at 
presentPresent plan: 3 Interferometers

2.5 x 106 km arm lengths
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LISA physics

Gravitational Observatory Advisory Team – GOAT (ESA web site) 
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LISA Pathfinder – Demonstrating LISA Technology

LISA Pathfinder worked! Exceeded 
requirements. Still, operation was 
not perfect, and there is lots of 
experimental work to do before 
LISA. 

A set of cold gas micro-newton thrusters to 
ensure the spacecraft follows TM1.  A 
second control loop forces TM2 to stay at a 
fixed distance from TM1 and thus centered 
in its own electrode housing.

PRL 116, 231101 (2016)
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LISA Proof Masses, Optical Bench, Interferometry and Telescopes

Livas et al, Opt. Eng. 52(9), 091811 (2013)
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LISA Physics

Characteristic strain amplitude versus frequency for a space-based laser interferometry mission (armlength 106 
km, 1-yr observations). Objects expected to be strong gravitational wave sources over this frequency range.

LISA GOAT
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LISA Physics

Gravitational wave signals from a heavy stellar black hole binaries. BBH systems can be 
observed by both LISA and Advanced LIGO – Advanced Virgo. LISA GOAT
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Testing the Early Universe

● Inflation
● Electro-weak phase transition, or phase transitions related to new physics
● Cosmic strings (phase transitions, topological defects, cosmic superstrings)

LISA GOAT
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LISA Summary

The LISA project is presently moving forward 
rapidly.

ESA and NASA see this as a high priority.

A tremendous amount of R&D still needs to be done 
for LISA, and there is much experimental activity.

After the LHC, LISA may offer the best opportunity 
to observe the high energy physics that describes 
the universe. 
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Gravitational Wave Spectrum
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Pulsar Timing

arXiv:1211.4590

Distant pulsars send regular radio pulses – highly accurate clocks.
A passing gravitational wave would change the arrival time of the pulse.

Numerous collaborations around the world. Interesting upper limits and likely 
detections in the near future. 
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Polarization Map of the Cosmic Microwave Background

The CMB anisotropy polarization map may be decomposed into curl-free 
even-parity E-modes and divergence-free odd-parity B-modes.

Gravitational waves in the early universe imparts a “curl” on CMB polarization. 
                                             arXiv:1407.2584
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Third Generation Gravitational Wave Detectors

Einstein Telescope

Underground to reduced seismic noise.
10 km arms
Cryogenic mirrors
Lower frequency limit – 1 Hz
10 x better sensitivity than 2nd  generation detectors
Farther back in the universe
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Third Generation Gravitational Wave Detectors

With Einstein Telescope (European) or Cosmic Explorer (US) almost every stellar 
mass binary black hole merger in the observable universe will be detectable. 

BBH confusion 
background can 
potentially be 
subtracted to 
observe the 
primordial 
background at 
the level of 


GW
 ~ 10-13 after 

five years of 
observation.

Arxiv:1611.08943
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Atom Interferometers

Arxiv 1505:07137

Use a long optical cavity to interrogate atom 
interferometers.

It may be possible to use this method to build a 
gravitational wave detector in the 0.1 Hz – 10 Hz 
band, between LISA and LIGO-Virgo.
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Gravitational Wave Spectrum

Atom interferometric detectors would fill a critically important region of the GW spectrum.
Between LISA and LIGO-Virgo
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Conclusion on Gravitational Waves

A new window on the universe has opened.

We are just beginning! 
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Extra Slides
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GW151226 – Mass Estimates (source frame)
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GW151226 – At Least One BH Had Spin

At least one black hole has spin greater than 0.2. Spins of the primary and 
secondary black holes are constrained to be positive. Mass-weighted 
combinations of orbit-aligned spins c

ef
 and in-plane spins c

p 
(weak 

constraints only, non-informative). 
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GW150914 – No Detected Spin

Prefer no spin in the direction of orbital angular momentum.
Cannot constrain precession, i.e. spin components in the orbital plane.
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Binary Black Hole Merger Rate

●Assuming that all binaries are like these 3 events 
is not realistic.
●Try two alternative models:

Flat distribution in log m1 – log m2
● (m1)  m∝

1

−2.35 with a uniform distribution for the 

second mass.
● Significantly different rate estimates.
● Altogether: 9 – 240 Gpc-3 yr-1.
● Lower limit comes from the flat in log mass 
population and the upper limit from the power law 
population distribution.

● Rules out <9 Gpc-3 yr-1, which were previously 
allowed.
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Implications for a Stochastic Background 
of GWs

● For every detected binary merger, there are many more that are too 
distant and too faint.

● They generate a stochastic background of gravitational waves.

● Relatively high rate and large masses of observed systems 
implies a relatively strong stochastic background.
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Astrophysics: Binary Formation

● Two binary formation mechanisms have been proposed.
● Field:

» Starting from a binary star system, with each star going through 
the core-collapse to a black hole.

● Dynamic:
» Individually formed black holes in dense environments (globular 
clusters) fall toward the center of the potential well, where they 
dynamically form binaries (and are often ejected).

● GW150914 and GW151226 spin parameter estimates are consistent 
with either formation mechanism.
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Binary Black Hole Merger Rate
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Did LIGO Detect Dark Matter?

●  “There remains a window for masses 20 M
⊙
  M≲

bh
  100 M≲

⊙
 where 

primordial black holes (PBHs) may constitute the dark matter.” 

●  Reasonable rate estimates overlap LIGO rate limits.

●  No neutrino or optical counterparts.

●  “They may be distinguished from mergers of BHs from more 
traditional astrophysical sources through the observed mass 
spectrum, their high ellipticities, or their stochastic gravitational 
wave background.” PRL 116, 201301 (2016)

●  “We show that if PBHs make up the dark matter, then roughly one 
event should have a detectable eccentricity given LIGO’s expected 
sensitivity and observing time of six years.” PRD 94, 084013 (2016)



84

Stochastic Background 
Primordial Black Hole

“We have shown that the amplitude of this 
spectrum is significantly lower than that 
arising from the stellar BBH mergers, 
although there is currently a large 
uncertainty in the local merger rate for stellar 
BBH systems.

…

Consequently, the stochastic GW background 
measurement with Advanced LIGO detectors 
is unlikely to detect this background.”

Other studies are more optimistic:

https://arxiv.org/abs/1610.08725
https://arxiv.org/abs/1610.08479

Mandic et al., Phys. Rev. Lett. 117, 201102  (2016)
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Gravitational wave background from Population III 
binary black holes consistent with cosmic reionization

 MNRAS 461(3) · March 2016    Thanks to Zoltan Haiman for pointing this out.

Potentially a stronger stochastic 
background than what we would 
expect from direct BBH observations.
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O1 Stochastic Search Results
 No evidence for a stochastic 

background for both the isotropic 
and direction searches

 Put upper limits on the energy 
density for different power indices

 Took a long time to clean the data.

 For α=0, the isotropic bound is 
33x better than with initial 
LIGO/Virgo  

  
gw(25Hz)  1.7 107

Phys. Rev. Lett. 118, 121101 (2017)
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Constraints on Cosmic String Parameters Coming 

Initial LIGO-Virgo results, PRL 112, 131101 (2014)



1.3 billion light years away.

https://arxiv.org/abs/1610.08725
https://arxiv.org/abs/1610.08479
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Inflation

Standard inflationary models will 
not be observable by LISA. 
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Numerous Non-Standary Inflation Theories

https://arxiv.org/abs/1610.06481
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Cosmic strings

● LISA observation band can provide important information on a 
stochastic GW background from cosmic strings.

● LISA vs LIGO-Virgo comparison
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Phase Transitions

● Phase transitions happened in the early Universe (EW symmetry 
breaking)

● A first order PT leads to GW emission

● EWPT might be first order in standard model (SM) extension 

● 1st order PT GW emission: 

– nucleation of vacuum bubbles at the end of a PT and convert the entire 
universe to the broken phase. The collisions break the spherical symmetry of 
the bubble walls and generates a non zero anisotropic stress → GW emission

– Bubbles collision inject energy in the primordial plasma → MHD turbulence 
that generates GW through the chaotic generated stress.  

[Binetruy 12, Hindmarsh 14,
Caprini 15]
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O1 BBH: Two Golds and a Silver
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