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The wave’s field 

Image credit: Markus Pössel,  

Einstein Online Vol. 02 (2006), 1008  

• “Ripples in Space-Time” 

 

 

 

• Measureable effect: 

– Stretches/contracts 

distances 

perpendicular to  

propagation 

Amplitude: 
 
dL/L = h 

Wave 

propagation 



The weakness 

of Gravity! 

For the 4 km arms of LIGO, a typical strain: 

• A fraction of a proton! 



 

1960s and ‘70s: 

First gravitational wave detectors 

By Joseph Webber  



1972: 
Gravitational Wave Antenna 

• Electromagnetically coupled 
broad-band gravitational wave 
antenna, R.Weiss, MIT RLE QPR 1972 

 

• Use a laser to 
compare the 
length of the 
interferometer 
arms! 



The interferometer 



MIT Research Laboratory of Electronics 
Quarterly Progress Report 1972 



Relativistic Binary 
Pulsar B1913+16  

• First binary Pulsar 

– Spinning neutron star 
with radio beacon 

• Discovered in 1974 

• Loses energy by 
radiating gravitational 
waves 

• Standard source for 
GW observatories 

 

R. A. Hulse J. H. Taylor 

1993 



LIGO Livingston 

Observatory 

LIGO Hanford 

Observatory 

LIGO: NSF Funding in 1990; Design sensitivity 2005  



 

The Advanced LIGO Detector 



            

Interferometer Sensitivity: 
Quantum noise 
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The Layout 
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The Advanced LIGO Detectors 
The Test Masses 

Diameter 34 cm 

Thickness 20 cm 

Mass 40 kg 

1/e Beam Size 6.2 cm 

Reduce to photon pressure noise 
 -large! 
Reduce Brownian noise 
 Lower Mechanical Loss  
 Large surface area 



G1400001-v1 J. Kissel for the LSC, APS 2014-Apr-06 14 

The Advanced LIGO Detectors 
Seismic Isolation 
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Last two stages are monolithic 
to improve Brownian noise 



 



 

 End Test Mass, and Trans Mon Telescope 
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Laser ϕm

Test Masses are not the only thing that 
needs isolation… 
 
Interferometer is a zoo of seismic isolation! 

The Advanced LIGO Detectors 
Seismic Isolation 



 

In-vacuum read-out optics and photo-diodes 



Advanced LIGO Timeline LHO 

• Summer 2012: One Arm Test 

– Static alignment < 0.5 µrad 

• Summer 2013: Half-Interferometer (Y) 

– Control arm length by < 1e-10 meter… 

... and move it! 

• Fall 2014: Half-Interferometer (X&Y) 

    Central Interferometer locked 

– Angular control with up to 10Hz bandwidth 

• 04 February 2015: 1st Full Lock 

– Intra-cavity power 10’000 x input power 

 



Advanced LIGO Timeline LHO 

• Summer 2015: 

– Full Interferometer Angular Control < 0.1 µrad 

– Noise commissioning, NS/NS sky-average range: 

• ~20 Mpc by Feb; 57 Mpc by May 

• 80 Mpc by September, 8e-24 meter / rtHz peak sensitivity  



 
 Sept. 14, 2015, 9:14 UTC log time 



The first sign 

 



The morning after, 

in the control room 
 



 



 



posted 22:48, Monday 14 

September 2015 UTC 
 



 

Later that week, 

somewhere in Maine 



One minute of data 



Sped Up & Spectrogram 



How do we know it’s a 

binary black hole? 
 

An extreme mass ratio (NS/BH) would merge at a lower frequency.  

From directly fitting the data:                  ~ 30 Msun.  Mtot >~ 70 Msun 

Time to merger: 



 



 

Swetha Bhagwat  

Defined through quadrupole moment 

Becomes BH perturbation  



Can we resolve the “ring-down” ? 

• Why should I care? 

– Spinning (Kerr) BHs are fully described by 

Mass & Spin . 

 

– All quasi-normal modes of perturbed BHs are 

thus determined by Mass & Spin . 

 

– Observing the quasi-normal modes will thus 

directly verify a GR prediction about BHs. 



• What is the ring-down? 

– We see the wave form “peak and ring down”, 

just as predicted by Numerical Relativity. 

 

– But linear BH perturbation theory is not good 

enough for the first part of the “ring-down”. 

 

– The signal disappears in the noise just as 

linear BH perturbation theory becomes valid. 

 

Can we resolve the “ring-down” ? 



• Can future upgrades spectroscopically 

resolve quasi-normal modes of BH/BH? 

– Yes! A+ sensitivity should get us up to 6 

resolved events per year. (300/yr for ET/CE 

class detector) 
• Spectroscopic analysis of stellar mass black-hole mergers in our local 

universe with ground-based gravitational wave detectors 

(Bhagwat, Brown, Ballmer, Phys. Rev. D 94, 084024, 2016) 

 

Can we resolve the “ring-down” ? 



The best-fit parameters 



How significant was the signal? 

• GW150914 came at the very beginning of 

the run 

 

• Time slides are used to experimentally 

establish the search background 

 

• We needed 16days of data to estimate 

(set a lower bound on) the significance 



 



 



Next steps Advanced LIGO 

Towards design sensitivity:     ~ factor 3 to go 

Beyond that: quantum-upgrade in planning stage 



Within 6 

days! 
 



NSF Signs 

LIGO-India MOU 

NSF Director France A. Córdova Secretary of India Department of 

Atomic Energy Sekhar Basu 

March 31, 2016 



Future Detectors 

 



Commissioning: 

What happened since O-1? 
 

 

• Goal during last year: Operate at higher 

input power and improve low-frequency 

sensitivity. 



Since O1 – Towards O2 

• The Master Plan for Advanced LIGO: 

– For O1 both interferometers were around 

24W input power (max without HPO) 

– Reason: We expected high power operation 

to be difficult & wanted an observation run 

with only the “easy” items commissioned, 

reserving the harder items for after O1 

 

– This year we learned that we were correct… 



Since O1 – Towards O2 

• LLO: 

– Problems with HPO commissioning 

(catastrophic failures – never re-established 

high power operation) 

– Instead focused on noise commissioning 

• Among other things: Dominant scatter 

contributions from End station view ports were 

mitigated w/ black glass. 

• Reached 100Mpc (but not always)  





Classical noise below shot noise 

D. V. Martynov, to be published 



Since O1 – Towards O2 

• LHO: 

– HPO commissioning (just the light source) 

took several month – unexpected laser trips 

– We then aimed at 2x the original power – 

50W into the mode cleaner 

– First we needed to address “stability” items: 

• Angular control system with significant optical 

spring (changing as we increase the power) 

• Run-away Parametric Instability modes needed 

active damping 



Since O1 – Towards O2 

• LHO continued: 

– Stable locking at 50W was achieved, but: 

• Significant recycling gain loss at best low-power 

alignment (drop from ~36 to ~27) 

• O(few min) timescale after increasing the power 

• Reversible when decreasing the power 

~Thermal Timescale for beam spot heating 

• This loss can be partly recovered by changing 

the beam position on the ITM by ~8mm ( RG ~ 

31) 



Since O1 – Towards O2 

• LHO continued: 

– Stable locking at 50W was achieved, but: 

• Excess noise appears between 150Hz -1kHz 

• Noise floor varies with same thermal timescale  

• Laser related, some for of generalized jitter 

noise 

 



Excess noise at 50W 



What next? 

 

• O2 run ongoing, we should observe 

additional BBH mergers. 

 

• Can we go beyond the sensitivity of these 

initial observatories? 



 

Advanced LIGO 

Noise Budget 



What 10x the Sensitivity 
would give us 

– Stellar Evolution at High Red-Shift: Black Holes 
from the first stars (Population III) 

• Reach z>~10 

• Moderate GW luminosity distance precision 

 

– Checking GR in extreme regime / NS EoS  

• High Signal-to-Noise needed 



MIT Research Laboratory of Electronics 
Quarterly Progress Report 1972 

• Given the detector technology we installed in 
Advanced LIGO… 

 

• What would limit the arm length? 
(without any new technology) 



Scaling Up GW Detectors 

• Nothing…   10x longer is 
technologically feasible 

Caution: Photo-shopped… 

Phys. Rev. D 91, 082001 

Biggest advantage: 

Coating Brownian Thermal Nosie 

becomes irrelevant (strain~L-1.5) 



3rd Generation Concepts 

12/01/2016 Harms @ PAX 58 



3G Concepts 

12/01/2016 Harms @ PAX 59 

Einstein Telescope 



3G Concepts 

12/01/2016 Harms @ PAX 60 

Cosmic Explorer expected 

scale matched to previous slide 



The Future: New Observatories 

 



Future 
Global Detector Array 

Harald Lück 



 



LIGO Scientific Collaboration 



LIGO HANFORD OBSERVATORY 

STAFF 



LIGO LIVINGSTON OBSERVATORY STAFF 



A Century of 

Research in 

Gravitation 



Conclusion 

• The observation of GW150914 marks a historic 
turning point, opening up Gravitational Wave 
Astronomy at the centennial of their prediction. 

 

• Technology available for both short and long-
term upgrades 

 

• Detectors that can sustain Gravitational-Wave 
Astrophysics for the rest of the 21st century are 
feasible.  



 

 

Thank you! 


