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The Gravitational Wave Spectrum 
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10-9 Hz! 10-4 Hz! 100 Hz! 103 Hz!

Relic radiation!
Cosmic Strings!

Supermassive BH Binaries!

BH and NS Binaries!

Binaries coalescences!

Extreme Mass Ratio!
Inspirals!

Supernovae!

Spinning NS!

10-16 Hz!
Pulsar timing! Space detectors! Ground interferometers!

Laser Interferometer 
Gravitational-Wave 
Observatory 



Observing Scenario 
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the future! 



Can	we	build	more	sensi0ve	detectors?	
YES,	we	can.	

•  More	of	the	same,	but	even	be1er:	more	power,	
bigger/heavier	masses,	lower	loss	mirror	coa0ngs,	
be?er	suspensions,	…	

•  New	technologies:	squeezed	light,	alterna0ve	
wavelengths	+	cryogenics,	alterna0ve	op0cal	
configura0ons,	..	

•  Make	it	longer:	take	advantage	of	scaling	of	
noises	with	arm	length	

•  Go	Underground:	access	low	frequencies	
•  New	concepts:	triangular	shape,	xylophone,	..	
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The	Future	of	LIGO	

•  A+:	near	term	improvement	to	Advanced	LIGO	
–  Lower	mechanical	loss	mirror	coa0ngs,	frequency	

dependent	squeezing		
	 	⇒	proposal	to	the	NSF	in	prepara0on	
	 	⇒	could	be	opera0onal	by	mid-22	
•  Voyager:	same	Advanced	LIGO	facility,	longer	

laser	wavelength,		modest	cryogenics,		
	⇒	world-wide	R&D	in	progress	
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Beyond Advanced LIGO:  A+, a mid-scale upgrade 

•  Improved quantum & 
thermal noise 

•  Projected observation: 
mid-2024 

•  BNS rate 7x aLIGO 
1-13 BNS/month! 

•  BBH rate 4x aLIGO 

17-300 BBH/month! 

 

A+ 

A+ key parameters:  
thermal noise half of aLIGO 
12dB injected squeezing 
15% readout loss  
FDS, 300 m filter cavity  
60 ppm  RT FC loss  

O2 
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O2 data: NSNS 96 Mpc, BHBH 983 Mpc
aLIGO design: NSNS 173 Mpc, BHBH 1606 Mpc
Aplus design: NSNS 325 Mpc, BHBH 2563 Mpc



What is the most we can do with the LIGO 4km 
facilities?  We have a name for that… Voyager 
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•  For sometime in the late 2020s 
•  Major-upgrade to use technology which is currently 

in R&D phase 
•  Basic idea 

•  better coatings for 1.5 or 2um laser wavelength 
•  use silicon for test-masses at 123K (zero CTE 

point) 
•  range better than A+ by factor of ~2 
•  allows access to BBH systems out to z ~ 5 



Long-Term Improvements 
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•  R&D is driven not only by how 
to make Advanced LIGO better, 
but also by the longer term 
potential of the field 

 
•  The next big leap in sensitivity 

will come from a longer 
interferometer… 
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Going	Beyond	
LIGO	and	Virgo	
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Einstein	Telescope	

Underground,	triangular,	10km	on	a	side,	6	interferometers	10 
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Einstein	Telescope	

Underground,	triangular?,	10km	on	a	side?,	6	interferometers?	11 
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Cosmic Explorer 

Above-ground,	L-shaped,	40km	on	a	side,	1	interferometer	
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Cosmic Explorer 

Above-ground,	L-shaped,	40km	on	a	side,	1	interferometer	



Concept	Roadmap	

Advanced LIGO 

Other wavelengths, cryogenics Voyager – Current Facilities 

 Ultimate R&D (ET, CE)   New Facilities 

Coatings, squeezing A+ 
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Now Early 2020s Late 2020s Mid 2030s 



Example	of	curve	progression	
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BBH and BNS from the entire Universe! 
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Credit: Evan Hall 
BNS BBH 

First Stars Formed 

PBH? 



Gravitational-Wave Science in the 3G Era 
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•  With 3G detectors we will have ~105 of events each year 
•  mostly from z ~ 2 or 3 
•  likely astrophysical background of unresolved BNS (BBH separable) 

•  Population based science won’t need good sky localization 

•  Mean and median values are meaningful 

•  Precision test will be done with the nearby high-SNR events 

•  Only best ~10 events per year will be useful 
•  Rare or Exotic events may play key role 

•  supernovae 

•  highly eccentric mergers 

•  other exciting things… (cosmic strings?, unknowns?) 



Close BBH Mergers will have high SNR 
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•  SNR > 1000 for BBH like GW150914 

•  This will allow tests of 

•  BH quasi normal modes 

•  GW memory effect 

•  … 
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Binary Black Hole SNR vs. Redshift

Target (fig 1)
Wideband (fig 2)
Pessimistic (fig 3)

CQG   doi:10.1088/1361-6382/aa51f4 



From	Salvatore	Vitale	

•  A	GW150914-like	event	will	have	SNR~2000	in	
a	Cosmic	Explorer	facility.		

•  How	well	can	we	do	parameter	es0ma0on?	

May,	2018	 19	Vitale,	
preliminary		
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Network horizons (Redshift at which 1% of 
sources are detected) 

20 



The Message 
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•  Near-term upgrades will reduce the noise by ~2 beyond design 
•  event rate may be ~1 per day 

•  The best we can do in the current facility: Voyager 
•  roughly another factor of 2, access to high-z BBH 

 
•  The next-generation NETWORK will reach the entire Universe 

•  BBH and BNS detection rate will be mostly determined by 
astrophysical population (>105 per year?), not detector 
sensitivity (peak near z ~ 3?) 

•  high SNR signals will allow for detailed tests of GR, NS EOS, … 
•  This is just the beginning! 



spares… 
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Advanced LIGO Noise: Progress 
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Initial 
LIGO 

Design 

more 
power!

GW150914: The Advanced LIGO Detectors in the Era of First Discoveries. LSC (2016) PRL 116, 131103 



Target for O3:  
(at least) more power + squeezing 

aLIGO design curve Advanced LIGO  
design curve 
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Low-frequency Improvements: maybe 
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Quantum noise 
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Projected O3 event rates 
•  Binary black holes: up to a few per 

week, at least few per month 
•  Binary neutron stars: 1-10 per year, 

possibly up to 1 per month  
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Over the next 20 years… 
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Sensitivity progression from the 
present (O1 and O2) to potential 
detectors of the 2030s. 
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“detectable” “high SNR” 

~106 “detectable” 

M3: high natal kicks 
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“detectable” 

“high SNR” 

M1 model 

2				3				4	
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A world-wide network 

Installation phase 

LIGO-INDIA approved! 
A third LIGO detector in India 

(tentatively ~ 2024) 

M. Evans at Sackler (Harvard) May, 2018 



LIGO,	Hanford,	WA	

LIGO,	Livingston,	LA	

Virgo,	Cascina,	Italy	
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Virgo	
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How do fundamental noises scale? 
Just 1/L, right?    Nope… 

May, 2018 M. Evans at Sackler (Harvard) 

Shot Noise 
  while maintaining bandwidth 

Radiation Pressure Noise 
  while maintaining bandwidth 

Coating Thermal Noise 
    constant loss angle… 

Residual Gas Noise 
   facility limit… 

35 
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Shot Noise 
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Radiation Pressure Noise 
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How do fundamental noises scale? 
Just 1/L, right?    Nope… 
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Shot Noise 
  while maintaining bandwidth 

Radiation Pressure Noise 
  while maintaining bandwidth 

Coating Thermal Noise 
    loss angle dependence? 

Residual Gas Noise 
   facility limit… 

37 



Why 40 km? 

May, 2018 M. Evans at Sackler (Harvard) 38 

•  The bandwidth of an interferometer tends to 
shrink as it gets longer 
•  a 40 km detector is limited to roughly 4 kHz bandwidth, or at least that is where the 

response of the detector becomes complicated (it leaves the long-wavelength limit) 

•  there is a lot of potentially interesting physics at high frequencies (NS EOS, CCSN) 

•  the low-frequency end of the band does not move down much as you go longer, so 
the detection band narrows with increasing length 

•  Costs grow quickly with length above ~ 40km 
•  surface excavation depth is quadratic in length, and that earth must be moved 

(presumably to the ends to use as fill) 

•  flat of bowl-shaped locations become scarce for longer sites 
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Why 40 km? 
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•  Costs grow quickly with length above ~ 40km 
•  surface excavation depth is quadratic in length, and that earth must be moved 

(presumably to the ends to use as fill) 

•  flat of bowl-shaped locations become scarce for longer sites 



Where could we put a 40km detector? 
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Places	like	this…	

Bonneville	Salt	Flat,	Utah	



Where could we put a 40km detector? 
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or	like	this…	

Black	Rock,	Nevada	



Getting more out of Advanced LIGO 
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Initial 
LIGO 

Design Upgrade 

GW150914: The Advanced LIGO Detectors in the Era of First Discoveries. LSC (2016) PRL 116, 131103 

better coatings!
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•  We designed a novel experimental technique to remove 
many of the limitations of previous coating thermal 
noise measurements 

Coating Research 

Sample

Mirror

Folded Cavity

Input/Output

Couplers

•  A small beam on the sample mirror 
increases the coating noise (our 
signal) by orders of magnitude over 
what is seen in LIGO 

•  We use multiple optical modes in the 
same cavity to remove cavity length 
and laser frequency noise from our 
measurement 

•  The folded cavity lets us use a 
standard high-reflector as the 
sample mirror, and lets us change 
the sample in a matter of hours  



Coating Research 
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•  We made the first measurement of Advanced LIGO coating thermal noise 
•  Now we are working with Lincoln Labs and other partners to find better coatings 

101 102 103
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10-17

10-16

AS
D 

[m
 / 

 H
z]

Ta2O5/SiO2

aLIGO s1
aLIGO s2
AlGaAs (prelim)

Audio-band coating thermal noise measurement for Advanced LIGO...     (2017) PRD 95, 022001   

Advanced LIGO coatings… 
a bit higher than expected! 

Important for current 
expectations and 
future planning. 

AlGaAs: new coating! 
but still a lot of work… 



Advanced LIGO Noise: Progress 
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Initial 
LIGO 

Design 

more 
power?!

Upgrade 

GW150914: The Advanced LIGO Detectors in the Era of First Discoveries. LSC (2016) PRL 116, 131103 



Squeezing Light to Reduced Quantum Noise 
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•  We can’t continue to increase the power in the 
interferometer beyond Advanced LIGO design due to 
•  thermal effects 
•  radiation pressure driven instabilities 
•  quantum radiation pressure noise 

•  How can we improve? 
•  to understand the answer, we have to start from the 

beginning… 



What is Quantum Noise? 
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•  Quantum optics tells us that shot noise and 
radiation pressure noise result from vacuum 
fluctuations that enter at every “open port” 

X1	

X2	

Phase 
noise 

Vacuu
m 

fluctu
ation

s 

photodiode!

Faraday!
Isolator!

Vacuum!
Fluctuations!

Main Laser!



So, what can we do about it? 
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•  Heisenberg says we can’t make the noise smaller, but 
we can change its shape. 

•  Can we use a squeezed vacuum state in our detector? 

X1	

X2	

More 
phase 
noise 

Ê = X̂1 cosωt + iX̂2 sinωt

ΔX̂1ΔX̂2 ≥1
Heisenberg uncertain

ty 

principle: 
 

Quantized EM field… 
Squee

zed vacu
um 

fluctu
ation

s GW Signal 



In theory, sure… but in practice? 
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photodiode!

Faraday!
Isolator!

Squeezed Vacuum!
Source!

Main Laser!

Nonlinear	crystal	creates	
entangled	photon	pairs	by	

parametric	down-conversion	

Enhanced sensitivity of the LIGO gravitational wave detector by 
using squeezed states of light.     LSC (2015) Nature Photonics 



Advanced LIGO Noise: Progress 
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Initial 
LIGO 

Design Upgrade 

GW150914: The Advanced LIGO Detectors in the Era of First Discoveries. LSC (2016) PRL 116, 131103 
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Alvaro (MIT grad) 

Maggie (MIT grad) 

Lisa 
(MIT scientist) 

The MIT crew at 
LIGO Louisiana 

Me! 
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Maggie (MIT grad) 

New Squeezed Light Source! 



So this is easy, right?            Not really. 
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10-24	

10-23	

10-22	

10-21	

10Hz	 100Hz	 1kHz	 10kHz	

Strain	
1/√Hz	

Quantum!

Quantum	noise	can	be	reduced	
by	squeezing…	

…	but	nature	doesn’t	make	it	
easy.		The	vacuum	fluctuations	
rotate	at	low	frequency!	
	

The	result	is	the	same	
as	increasing	the	
power!	

GW Signal 

Quantum 
Noise 

~30Hz 



Frequency Dependent Squeezing: 
  How to win at all frequencies 
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•  To achieve a broadband improvement, we need a 
frequency dependent rotation of the squeeze angle 



Frequency Dependent Squeezing: 
  How to win at all frequencies 
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10-24	

10-23	

10-22	

10-21	

10Hz	 100Hz	 1kHz	 10kHz	

Strain	
1/√Hz	

Quantum!

Quantum	noise	can	be	reduced	
at	all	frequencies	if	we	can	make	
the	squeezed	phase	change	with	
frequency.	

GW Signal 

Quantum 
Noise 

~30Hz 
~30Hz 



Frequency Dependent Squeezing at MIT 
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Squeezing and Advanced LIGO 
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•  Currently Advanced LIGO is not limited by radiation 
pressure noise, so we are installing a frequency 
independent squeezer for use in the next observing run 
 

 
•  We are currently building a full-scale frequency 

dependent squeezed light source for installation in 
Advanced LIGO after the next observing run 

Ultra-low phase noise squeezed vacuum source for gravitational wave detectors. 
  …, Evans, Mavalvala (2016) Optica 7, 682 

Prospects for doubling the range of Advanced LIGO.  (2015) PRD 91, 062005 
Realistic filter cavities for advanced gravitational wave detectors.  (2013) PRD 88, 022002  
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Advanced LIGO Noise: 
Quantum Mechanics 
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10-24 

10-23 

10-22 

10-21 

10Hz 100Hz 1kHz 10kHz 

Strain 
1/√Hz 

12	Dec	2012	Quantum Noise!
"Shot" noise!

Radiation 
pressure!photodiode!

Quantum!
(light, not gravity)!

Shot noise!Radiation!
Pressure!

test mass 
(mirror)!Photon Hiss 



squeezing is no better than increased power! ?? 
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aLIGO total noiseWe’re	losing	at	low	frequency	

due	to	increased	radiation	
pressure	noise…	

…	can	we	pre-rotate	the	
squeezing	ellipse?	

GW Signal 

Quantum 
Noise 

~30Hz 
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Active Seismic Isolation 

Passive Isolation 

Test mass (mirror) 

Rai Robert 

Passive Isolation 

prototype at MIT! 



Seismic Noise 
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Thermal!
Quantum!

12	Dec	2012	Quantum Noise!
"Shot" noise!

Radiation 
pressure!

Seismic Noise!

Thermal 
(Brownian) 

Noise!

photodiode!

test mass 
(mirror)!

better 
isolation!



High Laser Power and Interferometer Stability 
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•  From Initial LIGO to Advanced LIGO – increase the laser power! 
•  In the first observing run we had much higher power than Initial LIGO, 

but we were still about a factor of 8 below the nominal Advanced LIGO 
power 

•  We had learned from Initial LIGO that progress is limited by thermal 
deformations in the optics, which result in sensitivity and control 
problems.  Advanced LIGO was designed to minimize these problems as 
much as possible. 



High Laser Power and Interferometer Stability 
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•  From Initial LIGO to Advanced LIGO – increase the laser power! 
•  In the first observing run we had much higher power than Initial LIGO, 

but we were still about a factor of 8 below the nominal Advanced LIGO 
power 

•  We had learned from Initial LIGO that progress is limited by thermal 
deformations in the optics, which result in sensitivity and control 
problems.  Advanced LIGO was designed to minimize these problems as 
much as possible. 

•  In 2001 V. Braginsky predicted that radiation pressure effects could lead to a 
3-wave parametric instability in interferometers operating at high power 
•  while we were unsure if we would see parametric instabilities (PI) in 

Advanced LIGO, we were prepared 
•  as we increased the power after the first observing run, PI became a real 

problem… Parametric oscillatory instability in Fabry–Perot interferometer 
 Braginsky et. al. (2001) PLA 287, 331–338 



High Power and Parametric Instabilities 
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•  x 
Mechanical Mode 

Radiation 
Pressure 

Arm Cavity 
Field 

Resonant 
Scattered 

Field 

Thermal 
Excitation test mass 

(mirror)!

Observation of Parametric Instability in Advanced LIGO.   Evans, … (2015) PRL 114, 161102  
A general approach to optomechanical parametric instabilities. Evans, … (2010) PLA 374, 665–671 

with Q > 107!



High Power and Parametric Instabilities 
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•  x 
Mechanical Mode 

Radiation 
Pressure 

Arm Cavity 
Field 

Resonant 
Scattered 

Field 

Thermal 
Excitation test mass 

(mirror)!

Observation of Parametric Instability in Advanced LIGO.   (2015) PRL 114, 161102  
A general approach to optomechanical parametric instabilities.   (2010) PLA 374, 665–671 

with Q > 107!



Damping Parametric Instabilities 
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First Demonstration of Electrostatic Damping of Parametric Instability at Advanced LIGO.    (2017) PRL 118, 151102  
Damping parametric instabilities in future gravitational wave detectors by means of electrostatic actuators.  (2011) PLA 375, 788 

test mass 
(mirror)!

High speed feedback for active damping 
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AMD

Test Mass
m

M

K

k(1+i  )η F

A 0

x

y
z

R

direction

Shunted Shear Plate

Polarization

AMD prototype

Test Mass

(Test Mass modal mass)

coating
Optical 

Suspension
ears

AMD model

Epoxy

Base

Conductive
EpoxyShear plate

Resistor

Shunting
Wire

Reaction 
Mass

Prototype Advanced LIGO 
suspension at MIT 

Resonant dampers for parametric instabilities in gravitational wave detectors. (2015) PRD 92, 082001   

Acoustic Mode 
Dampers 

reduce the 
mechanical Q 
without adding 
thermal noise 
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AMD

Test Mass
m

M

K
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x
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Shunted Shear Plate

Polarization
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Test Mass
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Prototype Advanced LIGO 
suspension at MIT 

Resonant dampers for parametric instabilities in gravitational wave detectors. (2015) PRD 92, 082001   

Acoustic Mode 
Dampers 

reduce the 
mechanical Q 
without adding 
thermal noise 
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Laser interferometer 
design, published 1972 

(Weiss at MIT) 

Rai Weiss 
~1970 
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LIGO Hanford 
Observatory 

(Washington State) 

LIGO Livingston 
Observatory 
(Louisiana) 

2 LIGO Observatories, each with one laser interferometer with 4 km arms  
  

L 



LIGO Noise: “Range” 
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Previous 
best 

Design 

Phys. Rev. Lett. 116, 131103 



Advanced LIGO Sensitive Volume 
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•  Rate roughly 50 BBH mergers each year in 
a volume of 1 Gpc3 

•  About 10 million galaxies per Gpc3 

•  Advanced LIGO range now ~ 0.1 to 1 Gpc, 
depending on system mass 

Initial Range Advanced Range Initial Range Advanced Range 

We expect many more BBH events in the next 
observing run. 
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The Advanced LIGO Interferometer 
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The Advanced LIGO Interferometer: 
Classical E&M (laser optics) 
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Up to 1 Mega Watt in each arm at full power 

NPRO CW Laser 
Nd:YaG @ 1064nm 

Photo-detector 

Up to 125 Watt 
entering the 

interferometer 

Interferometer noise + gravitational wave signal 

now operating with 100 kW 



Black Hole Masses 
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“The basic physics of the binary black hole merger GW150914” (arXiv:1608.01940)  

Estimate Period of Last Orbit 
 
For 30 M¤ , Rs ~ 90km 
take r1 = r2 = 2 Rs  so that v = c / 2 
 
Torb = (4 π) 90 km / (c / 2) 
        ~ 7.5 ms 
forb  = 1 / Torb ~ 125 Hz 
fGW  = 2 forb ~ 250 Hz 
 
(actual value for GW150914 was ~200 Hz) 

Signal Frequency and Black Hole Mass 
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“The basic physics of the binary black hole merger GW150914” (arXiv:1608.01940)  

Estimate Distance to Source 
 
For 30 M¤ , Rs ~ 90km 
take GW strain at the source  
h = ¼ (since v / c = ½) 
 
dL ~ Rs / (4 hobs) ~ 2.5 G light-years 
 
(actual value for GW150914 was 1.3 Gly) 

Signal Amplitude and Distance 


